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ABSTRACT

This report summarizes that portion of a research
program on visual collision-avoidance techniques which
deals with the design and use of navigation light sys-
tems. The findings are examined from the viewpoint of
the Civil Air Regulations, and a three-phase program
for improvement is outlined. In Phase I, it is indi-
cated that genuine standardization is urgently needed,
and can be achieved with minimum delay with a standard
consisting of red, green, and white steady-burning
position lights and a red, flashing anti-collision
light. In Phase II, an intermediate-range program,
the one major defect of the system suggested .rr Phase
I (the absence of left-right indication to the rear)
is to be corrected by substitution of a two-color light,
yellow and bluish white, for the white taillight. In
Phase III, a long-range program, it is suggested that
investigation into the possibility of altitude coding
in l1-iit systems be continued. In all three phases,
additional detailed recommendations are made to insure
maxinim utilization of navigation lights.
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THE ROLE OF EXTERIOR LIGHT'S IN

MID-AIR COLLISION PREVENTION

I. INTRODUCTION

The earliest navigation light system used on aircraft
was patterned after the system used in marine practice. It
consisted of red and green wingtip position lights covering
azimuthal sectors from 00 (dead ahead) to i100 abeam, left
and right respectively, and a white light covering the re-
maining sector to the rear. This system remained in use
without change until about 1940. At that time, several
commercial air lines because of several near collisions In
the air and one actual collision on the ground, all involv-
ing overtaking courses, requested that the Civil Aeronautics
Administration improve conspicuity to the rear. To improve
conspicuity and to avoid confusion of the white taillight
with other lights, alternately flashing white and red tail-
lights were adopted.

From this time on, one proposal followed another and
very soon, a number of navigation light systems, differing
more or less from the original system, were in use. Some
added other lights to the basic configuration, others changed
characteristics of operation.

In the 1950's, a number of prcposals which departed
more radically from the original configuration were offered.
New kinds of light sources were used, different kinds of in-
formation were presented, and new ways of codifying informa-
tion into light signals were tried. In 1955 Special Civil
Air Regulation SR 392 was adopted to facilitate experimenta-
tion with new systems. Under the regulation, up to 15 in-
stallations of a given experimental system might be author-
ized for a period of six months. Renewals of authorizations
have been granted regularly.

At the present time a variety of navigation light systems
are installed on aircraft. Some are fairly distinctive, others
present signals that are ambiguous--a visual signal in one sys-
tem presents information that is different from that presented
by the same signal in another system. It may be asked whether
the diversity of light systems and the ambiguity of some sig-
nals add to the danger of collision. Many pilots contend that
the information presented by coded signal lights is of no in-
terest to them anyway--they are concerned only with the single
item of information that an aircraft is there. Collisions are
far fewer at night than in the daytime, and no night collision
has been blamed on the inadequacy of light signal information.
The analysis of near-miss reports is very difficult and often



speculative, but here again, no clear picture can be obtained
of information inadequacy as a source of trouble.

If it is true that no information other than aircraft
presence is of value, then it is unreasonable for the CAR
to impose a regulation system on aircraft operators. A
single light of the highest possible conspicuity is all
that should be required, and requirements for sector-coding
should be eliminated. Generally speaking, aircraft lights
are more visible at night than aircraft themselves in the
daytime, and maximum conspicuity would be attained if all
available power were concentrated in a single signal visible
in all necessary directions. Lighting systems lend themselves
to transmitting information, but the need for and usefulness
of any given information must be shown before it can reason-
ably be required on aircraft. If it can be shown that some
information is useful enough to be re-quired, then it is es-
sential that (a) the required lighting system present it
clearly, and (b) no differing systems be permitted.

This report summarizes the effort of the contractor to
investigate the characteristics of navigation light systems
and their usefulness in minimizing the risk of collision.
In order to do this the various relevant characteristics have
been analyzed and isolated. Some of the essential properties
of such systems are relatively well understood--the relation
between intensity and visibility, for example--and it is
only necessary to examine the literature to obtain this in-
formation. Other properties, not so well understood, have
had to be investigated "xperimentally. This report deals
with the isolated aspects separately, then synthesizes the
results. This approach is considered the only effective way
to deal with one of the problems that has hitherto made it
difficult to make reasonable decisions about lighting systems.
As proposed, the systems are usually in the form of completed
"hardware" in which many separate characteristics are inex-
tricably combined. It is felt that a rational evaluation
of system effectiveness is possible only when each system is
analyzed in terms of the separate characteristics--for example,
the information presented, the coding technique used to pre-
sent it, its intensity distribution, its efficiency, weight,
size, reliability, etc.
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II. THE INFORMATION TRANSMISSIBLE BY
NAVIGATION LIGHT SYSTEMS

Any aircraft navigation light, by virtue of being sighted
and identified, transmits the most essential information: the
presence and location of the aircraft. Every lighting system
currently being used provides, in addition, sector information
of one kind or another which identifies an azimuthal sector
of the sighted aircraft, and consequently, to some degree, its
direction of flight. Six additional types of information have
been cited as possibly uleful if they could be coded into a
navigation light system:•

1. Identification of aircraft by type or other

characteristic;

2. Distance;

3. Altitude;

4. Speed;

5. Attitude (pitch or roll);

6. Maneuver (change of course frcm straight
and/or level).

Of these items of information, which are "essential,"
which useful, and which of little or no value? If for sim-
plicity it will be necessary to limit the amount of informa-
tion presented, which items should be included In the system,
and how precisely or in how much detail should the information
be coded?

Presence, Location, and the Fixity-of-Bearing Criterion

As noted above, the first item, presence and location,
is conveyed, without coding, as soon as a light signal is
sighted and identified. (Identification as an aircraft light
is important; as will be discussed later, aircri!' gts are
often confused with stars, tower and other obstruction lights,
and ground lights.)

A preliminary discussion of information presentation may
be found In Projector & Robinson, 1958. A detailed analysis of
the usefulness of coded information is contained in Applied
Psychology Corporation Technical Report No. 1, January 1961, on
which the following discussion is largely based.



No particular coded information is involved in ex-
tracting presence and location information from a sighted
light. Nevertheless it is possible to use such a signal
to determine other useful information about an intruder
aircraft, especially one observed for any length of time.
The motion of the light relative to the background or to
one's own field of view can help the pilot determine whether
or not a collision can be ruled out. It is particularly
helpful to analyze the problem in terms of the "fixity-of-
bearing" criterion: when two aircraft are flying straight,
constant-speed courses (not necessarily level) toward a
collision, the bearing of either aircraft remains constant
in the field of view of the pilot of the other. The cri-
terion is not usable if the conditions are not met or cannot
be assumed to be met, and thus is not applicable in terminal
areas, where it is likely that a sighted aircraft will be in
a maneuver; under any conditions, "fixity-of-bearing" must be
used with reservations. Calvert (1958) has penetratingly
analyzed this criterion, with important implications both for
its limitations and for the approach to analyzing the useful-
ness of any technique.

One commonly used premise underlying analyses of colli-
sion probability is that there exists some required "warning
time," admittedly uncertain, and variously estimated by
different sources. Laufer (1955), in emphasizing the com-
plexity of determining warning time, says that in "some
exceptional cases a full minute or more may be required."
He carries out his collision analysis for two warning times,
25 and 50 seconds. Another source (Honeywell Aeronautical
Division, 1961) says, "Depending upon maneuverability of the
aircraft, the desired minimum warning time generally accepted
is 10 to 20 seconds." Stone (1954), thinking in terms of
DC-7 aircraft, said "...we are now down to 15 seconds to
avoid collisions." Projector & Robinson (1958), referring
to Laufer (1955), said that the "required warning time prob-
ably lies between 25 and 50 seconds." Many illuminating
engineers have pointed out (Larfer, 1955; Projector & Robin-
son, 1958, for example) that the light intensities required
to furnish the required warnirg times, as estimates, under
the full range of VFR conditions, were so high as to be im-
practicable. It has thus been recognized that visual colli-
sion avoidance, with presently available techniques and equip-
ment, has serious limitations when closing speeds are high or
flight vi3ibility is near the VFR minimum.

Calvert's (1958) analysis shows, however, that there are
other and more profound limitations. His analysis, although
limited to the fixity-of-bearing criterion, has much broader
implications, which apply generally to all avoidance techniques
currently In use. Calvert bases his dpproaoh on how well a
pilot can estimate the probability of collision and, in the
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event he undertakes an avoidance maneuver, how assured he
can be that the maneuver he selects will eliminate or at
least reduce. the probability of collision. The analysis
shows that the uncertainties inherent in the fixily-of-
bearing criterion are so great that the pilot often cannot
use it effectively. In many situations, including some
with moderate-speed aircraft, the information he needs to
use the fixity criterion properly is unavailable or inade-
quate. If he does undertake an avoidance maneuver with
inadequate information, he cannot tel' what effect it will
have on the probability of collision. Once he has begun
the maneuver, he is committed, but he no longer has the
fixity criterion, nor can he know wnen to end the maneuver.
Since the uncertainties increase with distance, very early
warning is sometimes of little or no help to him.

Because of the limitations on when it may be applied at
all, and the inherent uncertainties when it is applicable, the
fixity-of-bearing criterion, it seems evident, will not suffice
as a visual collisio i-avoidance technique. It is often useful
for roughly determining that an aircraft is not on a collision
course; in other cases it is not applicable at all, or cannot
be relied on.

Sector Information

All systems now in use present sector information. Posi-
tion lights, as called for in the CAR, identify three azimuthal
sectors around the aircraft: the red wingtip light identifies
the sector from dead ahead around left to 1100; the green wing-
tip light identifies a similar sector on the right side, the
white tail light identifies the r-emaining 1400 to the rear.
Some systems provide quadrantal coding, and others divide the
azimuthal plane into six sectors. In some cases the sectors
are sharply defined, in others the boundaries are vague.

It has always been supposed that sector information is
essential and can be used by the pilot to determine collision
probability, although how he might do so has not been clear.
When carefully analyzed, it turns out to be impossible for a
pilot to make such a determination except in very crude terms.
The possibility of collision can sometimes be ruled out with
the aid of sector information, but in large numbers of cases
it is not possible for a pilot to use sector information to
determine collision hazards.

To show why this is so, it is useful first to indicate
how sector information can be used for crude screening. Opti-
mally a sector-coded lig-- system should accurately identify
four quadrantal sectors in two modes, left vs. right and front
vs. back. With such a system, no collision impends if:

-- r -



1. The left side of the intruder aircraft is sighted
on the left;

2. the right side of the intruder aircraft is sighted
on the right;

3. the rear of the intruder aircraft is sighted to the
rear.

An example of the use of these rules is illustrated in
Fig. 1. If an observing pilot sights an aircraft to his left
In one of two aspects, A or B, as shown in the figure, he may
use quadrantal sector information to determine that aircraft
B is not a collision threat by rule I above, since he sees
its left aspect to his left. Aircraft A, on the other hand,
showing its right aspect on the observer's left, may be a
threat, and will require further attention.

It will be noted that the position light system called
for by the CAR, with taillight coverage that is symmetrical
to the rear, does not provide information that would distin-
guish these two cases.

Thisscreening process is uncertain if either aircraft
is turning (although in some cases, the turn may result in
an indicated sector change early enough to warn the pilot).

The quadrantal sector system can be used to obtain other
important information, but again only broadly and imprecisely.
In evaluating a collision threat, the pilot finds it helpful
to know the closing speed of his own aircraft and the intruder.
If it is low, and the sighting distance reasonably large, he
has time to continue observing in an effort to evaluate more
precisely. If the closing speed is high, he must decide more
quickly. A quickly made decision is subject to greater uncer-
tainty and much higher probability of an unnecessary avoidance
maneuver, especially if the pilot acts conservatively. For
example, if a pilot sees an intruder ahead of him and identi-
fies the intruder's light signal as the forward-aspect signal,
he must assume a relatively high closing speed. If in thesame situation he identifies the rear sector of the intruder,the may assume a lower closing speed, and consequently more

time to decide. Because of the uncertainty of some of hisinformation, neither determination can be very precise. While
he knows his own speed and direction precisely, he does not in
general know with any exactness the speed, relative bearing,
or distance to the intruder, all of which would be needed, in
addition to some difficult computations, to determine the time
he has available before possible collision.

Another situation in which quadrantal sector coding might
provide additional information is one, for example, in which
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Fig. 1. Illustration of use of quadrantal sector coding
to distinguish non-threats from possible threats. Observer,
0, sees B~s left on his left and classifies him as a non-
threat. A shows his right aspect on Ols left and Is classi-
fied as a possible threat.

-7-



the intruder is sighted on the left, slightly ahead of a
90-degree bearirg. If in such a sighting the right rear-
ward quadrant of the intruder is signaled the observing
pilot mny consider two possibilities: (al the high proba-
bility that the intruder is on a diverging course and there
is no danger of collision, (b) the smaller probability that
the Intruder is on a converging course. Even if it were the
latter, the convergence would necessarily be relatively slow,
since the angle of convergence can be no greater than the
angle that the intruder sight line makes with the left abeam

f direction. If the pilot is satisfied that the intruder is
not very close to him, he can reasonably decide to continue

;L observing for a while in order to improve the precision of
his determination of the existence of a collision hazard.

In principle, the kind of collision-probability analysis
described above can be sharpened by a light system that de-
fines more than four sectors. One might design an 8-sector
system which divides each quadrant into two 45-degree sectors.
The rules for categorizing threats and nonthreats could then
be extended. However, there are limitations on the gains
that might accrue:

1. Added complexity of the signal system would make
analysis more difficult, and more subject to error and un-
certainty.

2. Engineering coding techniques to identify as many
as eight sectors would be difficult. For example, color
coding is limited to four ,,.)lors if reliable distinctiveness
Is to be achieved.

3. The remaining and unavoidable imprecisions of the
technique (as described above) seriously limit the usefulness
of such additional information.

Because of these limitations, it might be preferable to
supply additional information in altogether different forms.

Thus, it is felt that a four-element quadrantal systemr
provides crude but readily useful information, and should be
considered the minimum for an effective sector-coded system.
Gains in precision afforded by finer sectoring are likely to
be offset by the difficulties of design and use, so that the
quadrantal system may be considered optimal.

Sector Information can be supplemented by additional
visual cues apart from those coded into the light system.
These Include the intruder's motion relative to the back-
ground and relative to the observing pilot's frame of refer-
ence (the fixity-of-bearing criterion mentioned earlier),
altitude difference as suggested by the angle of elevation
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of the sight line to the intruder, and both distance and
change of distance as estimated, however crudely, by ob-
serving the apparent intensity of the observed lights, etc.
To utilize sector-coding information and supplemental cues
with maximum efficiency, pilots must be trained to extract
the essential information quickly and accurately, and they
must be thoroughly aware of the limitations and uncertain-
ties of this Information.

In terminal areas, the information is likely to be of
better quality than on airways, since speeds may be presumed
generally low, even for high-performance aircraft, and the
visual cues richer and more precise.

Other Information

Additional items of information that might be coded into
a navigation light system are: (a) range; (b) speed; (c) iden-
tification of aircraft or aircraft type; (d) attitude (pitch
or roll); (e) maneuver; and (f) altitude.

Range. As noted previously, secondary visual cues, such
as mo =on relative to the background, or apparent intensity
of lights, can help pilots make crude estimates of range.
Reliable estimates based on apparent intensity would require
standardizing both the intensity of various models of the same
equipment and the distribution of intensity around the aircraft.
Intensity distributions of most lights vary markedly with angle
of elevation, and some vary in azimuthal distribution. "the
pilot is unable to estimate precisely the angle within the
distribution. Also, as discussed below, the attenuation of
intensity by the atmosphere varies widely over the range of
transmissivities possible in VPR flight. Therefore, apparent
intensity as a source of range information is unreliable. How-
ever, within limited conditions, pilots can estimate range
fairly well, especially after some training. This was shown
in ground-to-air and air-to-air tests of pilot ability to esti-
mate range (Applied Psychology Corporation, 1962c). Lights can
be coded to aid in range estimation by array coding or Intensiv
coding, but this is either infeasible or unreliable, as will be
shown in the discussion of coding techniques. Range coding in
a lighting system therefore appears impractical.

Speed and identification. It would be useful to a pilot
to kno ;ne Speea or a s.gn~ed aircraft, but only for estimating
the approximate order of magnitude of his decision time. Pre-
cise analysis would require precise knowledge of speed, plus
sector information and a fair-I-T-Tficult computation. Since
the complete operation requires far more information than could
conceivably be coded into lights, and, as well, difficult compu-
tation, such precise analysis seems infeasible. Nevertheless,
it is both useful and feasible to attempt a rough bracketing of
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closing speed. Sector coding permits this to a limited extent,
Knowledge of speed would improve the estimate. A light code
that would indicate speed therefore seems worth considering.
This could be in the form of an automatic device that would
code a light signal from an airspeed indicator. A second
technique might Identify aircraft type and thereby indicate
a probable speed bracket. Por example, identification by
type night Identify helicopters and small aircraft as a slow-
speed group, larger propeller-driven aircraft as a medium-
speed group, and high-performance Jet aircraft as a high-
speed group.

Because of its limited usefulness and residual uncertainty
precise speed coding is probably not worthwhile. It may be
that the limited information potential of lighting systems will
make other types of coding preferable.

Attitude and maneuver. Attitude and maneuver are grouped
toge~ier because trey lnclcate some change in the course of
the sighted aircraft from straight and level flight. Pitch
information is not considered useful or feasible, since, ex-
cept for extreme dive or climb, variation of pitch Is too small
to be reliably indicated by lights and is not related in a
simple way to change of course. Turns and banks are feasible
for coding Into a light system, and it would be useful for a
pilot to know that a sighted aircraft is engaged in or about
to engage in such a maneuver. To a more or less limited ex-
tent, some existing systems provide such information. When
both wingtip position lights are visible, and separable, the
pilot has a fairly good Indication of a banking maneuver.
However, in a well-defined quadrantal system, quadrant cutoffs
are relatively sharp and the overlap zones between quadrants
too small to provide this information in other than very limited
directions. Information as to maneuver--left or right turn,
climb or descent--Is generally useful, and should be considered
as one of the kinds of information that could be coded into
light systems.

Altitude. The remaining item of information that may be
coded tnto Ae light system is altitude. It has been suggested
that a light system indicating angle of elevation constitutes a
kind or altitude-coded system. However, in the absence of range
information, the triangulation required to convert angle of ele-
vation to altitude difference Is impossible. Thus the Indica-
tions of an angle-of-elevation system, "same altitude," "above,"
or "below" are unresolvably imprecise.

A true altitude-indicating system, altimeter derived, does
offer information which may be of considerable value. A detailed
discussion of various types of altitude-codeC navigation light
syatems, their probable advantages, and the practical problems
to be solved is contained in Applied Psychology Corporation
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Technical Report No. 1 (1961a). They are summarized below. 1

Altitude-coded light systems can identify predetermined
altitude segments such as 500, 1000, or 2000 feet. Con-
ceivably the system segmentation could vary with altitude;
for example, 500-foot segments could be used at low altitude,
1000-foot segments at medium altitudes, and 2000-foot segments
at high altitudes. The altimeter transducer may be set to
produce, for example, a light signal to identify a 1000-foot
segment at 12,000 feet whenever the indicated altitude is
anywhere from 11,500 to 12,500 feet.

Any practical system would be cyclic, the code system
repeating after a given number of consecutive segments. If,
for example, 1000-foot segments were identified in a 5-segment
cycle, the indications for 6000, ilO00, 16,000 feet, etc.,
would be identical.

The advantage of altitude coding is that it identifies
a fixed segment of the atmosphere. Unlike other information
available to the pilot, it is not indeterminate because other
information, such as range, is lacking. No matter what the
sighting range, the quality of the information is the same.
An avoidance maneuver can oe undertaken at any time, requiring
only that the pilot attain a fixed altitude separation. The
pilot continues, during his maneuver and at its end, to have
information enabling him to determine when avoidance has been
safely effected. While some ambiguity is possible in a cyclic
system, it leads only to an occasional unnecessary avoidance.
It does not, as in the case of other techniques, result in a
situation in which the uncertainties include the possibility
that the avoidance maneuver has not been successful.

One possible advantage of altitude coding is that it may
aid in estimating range. It was shown that estimating alti-
tude difference from an angle-of-elevation observation is an
indeterminate triangulation problem. But if the altitude dif-
ference is given by altitude-coded lights, the range is no
longer indeterminate. Even though the altitude information
is still approximate, it may significantly improve the accuracy
of range estimates over what they would be without any altitude
information.

Designing altitude-coded systems presents a number of
other problems.

1 The results of studies of the usefulness of altitude-
coded navigation lights are contained in Technical Reports
Nos. 8 and 16 (Applied Psychology Corporation, 1962b, f).
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Inaccuracies are unavoidable. In addition to the in-
herent inaccuracies of presently available altimeters, which
are a serious problem in all methods of collision avoidance
relying wholly or partly on altitude separation, there are
bound to be errors in transducing altimeter information into
the coded light signal.

Since only altitude segments are identified, there is
some uncertainty about precisely where in a segment a sighted
aircraft is located. The top of one segment Is at ae same
altitude as the bottom of the next higher segment, and a one-
segment separation may not be a certain indicator of safe
separation.

Rules-of-the-road would have to be designed to utilize
the altitude information and would have to be tailored to
the particular system used. It would be necessary, for exam-
ple, to insure that two aircraft on the same altitude did not
engage in the same altitude avoidance maneuver.

In a complete navigation light system, it would be possible
to include other information in addition to altitude information.
One comioination might be altitude and sector information.

Summary

Four kinds of information codable into navigation light
systems may be of value in avoiding collision. They are:

1. Sector information. An optimum system should identify
four quadrantal ecT-ors" riy precisely. While sector infor-
mation is nr4:t as useful as has been supposed, it does have some
utility for roughly categorizing aircraft into "threats" and
"nonthreats." It is also useful in terminal areas in deter-
mining the course and future location of sighted aircraft.

2. Altitude information. Altitude information might
enable a ploft to Improve considerably his ability to control f
the outcome of a collision threat, in many cases with a degree

of certainty not attainable with other information. It has
other possible advantages that suggest it is well worth inves-
tigating.

3. Speed information, Such information would be useful
to some extent. Iz is oub tful, however, that it would be
advantageous to identify more than two or three categories of
speed, for example, slow, medium, fast. The speed code could
be derived from the airspeed indicator or could identify air-
craft type by maximum cruising speed.

4. Maneuver Information. Indicating a change of course,
either turn or change Br aIt-tude, would be helpful in warning
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a pilot that his judgment based on other information or cues
is subject to change.

In addition to the information obtained from coded lights,
the pilot can obtain useful information from any sighted air-
craft light. This includes, of course, the presence and sight
bearing of the aircraft. It also includes the use of the
fixity-of-bearing criterion and, through secondary visual cues
such as movement relative to background, some capability of
determining the course of the aircraft and the existence of a
"threat."

A system that would code all four types of information
would be complex, difficult to use, and probably impracticable
on the basis of engineering, economic, or human capability
considerations. There is, however, a strong possibility that
the present "standard" system calling for sector coding could
be modified to supply quadrantal sector coding, and that it
would be worthwhile to supplement this with at least one of
the three remaining information types. Of these, altitude
coding seems most promising.

i l l l ll l i Fl l l l ll l l*



III. LIGHT CODING TECHNIQUES

Five more-or-less distinct methods of coding informa-
tion into light signals may be defined: (a) color coding,
(b) flash coding, c) flash-frequency coding (d) flash-
pattern coding,, (e) intensity coding, and (f5 array coding.

These may be combined in a great variety of ways, so
that in principle the isxforiation-conveling capability of
navigation light systems is very large.

Each technique has its own distinctive characteristics,
often complexly related to the over-all problem of visual
collision avoidance. In assessing the usefulness of a light-
coding technique several factors must be considered: (a)
the speed and (b5 the accuracy with which the code can be
read; (c) the amount of information that can be coded; and
(d) the effect of the code on other aspects of operation.

Color Coding

The earliest technique applied to navigation light sys-
tems, and still the most widely used, Is color coding as
prescribed for use in the current CAR position light system.
These colors are codified and their precise definitions
given under "Aviation" colors in Federal Standard No. 3,
1951.

Three-color coding systems are in widespread use in
other fields as well as aviation (highway traffic signals,
for example) and there is little doubt the 3-color systems
provide a high degree of reading accuracy and speed, and
fairly good efficiency with standard light sources and fil-
ters.

A color-coded system with more than three colors pre-
sents difficulty. Federal Standard No. 3 defines five Avia-
tion colors: red, yellow, green, blue, and white, but thesa,
colors

... are intended for high-intensity long-range
signal lights in which the primary consideration
is that the light be seen, the secondary consid-
eration is that its color be identified. If
aviation colors are used In situations requiring
positive color identification, relatively few
colors are used at a time. For example, aviation
white is not intended to be distinguishable from
aviation yellow unless it is in Juxtaposition with
it.

1 Combination codes will be discussed as a seventh type of

coding. . .



The Federal Standard goes on to define a second category of
"Identification" colors: red, yellow, green, and lunar-
white (a bluish white color). In order to insure reliable
distinctiveness the specitficationlimits for this series of
colors are much narrower than for the Aviation series. It
is thus implicit that the Federal Standard Is written with
the idia that a four-color system is the maximum for reli-
able distinctiveness, and even here, color specification
tolerances are small, with a consequent reduction in lumi-
nous efficiency.

The differe.nce Ir. the specifications for the two series
of colors is iYlicated by the minimum transmittance limits
for comparable glassware, as shown In Table 1.

MoNicholas (1936), who extensively Investigated the
best colors for use In a railway sig•al system, found that
a set with color names "red, orange-yellow, white, green,
bluc, and purple" was the optimum set of six. For various
reasons, Including the requirement for reasonable tolerances
in specifying color filters, the need for high efficiency in
producing specified colors, the unsuitability of blue and
purple for distant signals, and the residual confusability
between adjacent colors in WaNicnolas' 6-color system, it
Is ev4 dent that six colors are too many for aircraft navi-
gation light systems.

Hill (1947) experimented on the distinctiveness of 73
widely distributed colors. T1'e results indicate the reli-
ability with which his subjects identified the test colors
as red, green-blue, orange-yellow, and white, when the sig-
nals were presented at low levels of intensity. The data
are helpful in establishing boundaries for color signals in
aircraft navigation light systems.

Three-, four-, five-, and six-color systems are discussed
in an Annex to Recommendations by the Technical Comnittee on
the Colors of Signal Lights of the CIE (1955) and in subse-
quent formal recommendations (CIE, 1959). It Is suggested
that a three-color system be considered maximum for general
application. A four-color system Is described and specified,
but it is suggested that the yellow and bluish white will not
be adequately distinctive for distant viewing at low illumi-
nation. The four colors recommended are red, green, yellow,
and bluish white, more or less as described In Federal Stand-
ard No. 3.

Another problem In color coding is color deficiency In
pilots. Part 29 of the CAR requires norma color vision for
a first-class medical certificate. Pilots with second- and
third-class certificates are required to be able to distinguish
aviation colors, red, green, and white. A few such pilots may
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Table 1

Minimum Transmittance Limits for Two

Color Series Specified in Federal Standard No. 3

Minimum Transmittance
Color Aviation .. entirication

Series Series

Red .175 .048

Green .200 .048

Yellow .500 .o00
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have difficulty in distinguishing the colors of a four-color
system@

It may be noted here that color distinction can be con-
siderably more precise than suggested above if colors are
seer. not In isolation but close together in space or time.
For example, yellow and bluish white may be somewhat con-
fusable if either in seen alone, but if both colors are seen
side by side, or if they are seen in rapid succession, they
are readily distinguished. Under such conditions, systems
with four or even more colors are entirely practicable. It
should also be noted that the precision of color distinction
in any color system is poor when signal lights are at or near
threshold. With any color system, but particularly with high-
er order systems, there is a region near threshold where even
though signal lights may be detected color distinction may be
impossible or uncertain. 1

In summary, three-color systems provide good color dis-
tinction, are quickly and accurately read if not too near
threshold, and can be designed with fairly good efficiency.
(Aviation red and green glassware with transmittances of the
order of 20% are readily a,ailable for use with incandescent
lamps.) If four colors are required in isolation, color
coding is less distinctive, and it may be necessary to re-
strict the tolerances of the colors to minimize confusion.

Flash Coding

Light signal flashes may impart information as well as
increase the efficiency of utilization of electrical energy
to produce visibility. The distinction between flashing and
steA4y lights Is used in one version of the navigation light
system described in the current CAR, wherein the "anti-col-

1s8, .on" light emits an oumidirectional flashing red signal
while the left wingtip position light emits a steady red
signal identifying the left forward sector.

Since lights may be flashed in a variety of wlays, this
techniq.e '.' versatile. Flashes may be distinctive because
of their on-off ratio, frequency of flashes, grouping of
flashes by varying successive dark intervals, or because of
the use of sequences of long- and short-duration flashes
(dots and dashes).

1 An excellent detailed critical review of research work
on color-identification systems may be found in Breckenridge,
1960. A discussion of the properties of signal color systems
and their uses and specification may be found in Breckenridge,
1962.
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The fact that a light is flashing can be determined
fairly qulckly, usually by the time two or three flashes
have been observed. Flash patterns can usually be identi-
fied by the time two or three cycles have been completed.
Flash characteristics are not as rapidly identified as is
colov at intensity levels well above threshold. On the
other hand, color identification near threshold is often
very difficult or impossible, when the flashing character-
Istic is still identifiable. At threshold the flashing
characteristic is not distincttve, because even steady
lights appear to twinkle or flash.

The dark interval between light flashes, especially
if of appreciable duration, can be troublesome. Occasion-
ally It may delay pickup of the intruder aircraft, if the
pilot's center of attention happens to pass the target while
the signal light is in the dark phase. The flashing charac-
teristic is also an impediment in the use of the fixity-of-
bearing criterion (Applied Psychology Corporation, 1961a).
The inherent uncertainty in a pilot's ability to detect
fixity directly affects the precision of his determination.
There is little data available on the threshold detecta-
bility of movement for steady signal lights. In ideal
laboratory situations movement rates of the order of 1
minute of angle per second are detectable (Leibowitz, 1955),
but detection thresholds in operational situations are un-
doubtedly much larger for steady signals, and larger still
for flashing signals.

Flash-Frequency Coding

Different flash frequencies may be used to code informa-
tion into a navigation light system. Two frequencies are used
in a system proposed by the Lytle Engineering and Manufacturing
Company1 , and three frequencies in the "Honeywell-Atkins Maxi-
mum Safety Light" (Honeywell Aero Div., 1961). In both, flash
frequencies Identify azimuthal sectors around the aircraft.

Sperling (1961) has shown in a closely controlled labor-
atory experiment that observers can discriminate well among
three flash rates--40, 80, and 160 flashes per minute--if the
signal is not too close to threshold. At and near threshold,
discriminabillty was poor and there was a tendency to inter-
pret both the lower frequencies as the highest. Robinson (1959),
conductini a flight test of several navigation light systems,

1 According to information supplied to Bureau of Aeronautics,

Department of the Navy, Czot. 1957 by Lytle Engineering and Manu-
facturing Company.

- 19 -



including the Honeywell-Atkins, found that occasionally the
80 PPM frequency was read as either 40 or 160. In particulai
when the presentation of 80 FPM was preceded by either the
slow or fast frequency, the error tended toward reading the
uAMum frequency as the extreme frequency at the other end
of the scale. Signal intensities were well above threshold.
It should be noted that the observer's task was interpreting
information coded into the signals, so that errors included
errors in interpretation as well as errors in reading the
flash frequency. Gebhard (1948), after some preliminary ob-
servations, suggested that only 15 discriminable steps exist
between 30 and 1800 PPM, but in later work (Gebhard, 1949)
found only six identifiable rates between 120 and 2100 PPM.
The entire upper range of these studies must be considered
unavailable for navigation light systems, because of engi-
neering difficulties and also because they are in the range
of flicker fusion for the intensity levels important in col-
lision avoidance. Cohen and Dinnerstein (1958) concluded
that no more than five discriminable rates may be used betweei
15 and 720 FPM.

It seems unlikely that more than three, or at the most
four, frequencies could be used in navigation light systems,•
and that even this small number might result In reading errors
of some consequence.

The time required to "read" frequencies in such systems
will vary with the frequency, and at the lowest may be appre-
ciable. At a rate of 40 flashes per minute, for example,
using the criterion that at least 3 flashes will be required
for discrimination, it will take nearly 5 seconds to come to
a decision with confidence. However, it may be possible to
identify 40 FPM (in a system consisting of three frequencies,

oO, 80, and 160 FPM) by eliminating the higher frequencies
well before the third flias at 40 FPM is seen.

Plash-Pattern Coding

The most versatile technique, flash-pattern coding, is
almost unavoidable if large amounts of information must be
coded into a light system. Three proposed navigation light
systems flash in such a way that successive dark intervals
vary in duration, the difference indicating sector. Projector
(1959a) has proposed a system In which a dot-dash code identi-
fies the left side of the aircraft and a dash-dot code the
right side.

The use of various sets of dot-dash signals, a standard
technique for communicating informvation in military and other
applicatior~s, may be considered for navigation light systems.
One version is the "continuous" presentation, which omits the
distinctively long dark interval between groups, with all dark
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intervals uniformly short in duration. An example would be
a dot followed by a dash, with this sequence repeated imme-
diately, without separation. Continuous presentations reduce
the number of distinctive codes which are practicable--there
is no difference, for example, between dot-dash and dash-dot--
but have the advantage of eliminating the long dark interval.
Another variation is the use of groups consisting of two or
more subgroups. For example, a group may consist of a single
dot, a long interval, and then a dot-dash, etc.

Flash pattern coding has been investigated by Cook and
Beazley (1962). Three sets of signals were tested: 12 Morse
code letters, 12 continuoui signals, and 12 signals consisting
of various arrangements of dots alone, including several of
the subgroup type. The 12 Morse signals all consisted of 2
or 3 elements. Two of these were repeated in the set of 12
dots-only signals. The three sets of signals were evaluated
both as sets of 12 signals and as Individual signals, in terms
of the time required to learn them, the accuracy with which
they were read, and the time it took to read them. The contin-
uous set of signals was found inferior to either of the other
sets in regard to all three criteria. Apparently the pause
between signal groups is helpful to the observers in reading
the codes. Eleven of the Morse code stgnals and 6 of the dots-
only signals were 4udged a: constitutinp effective sets for a
system.

While there are as yet no experimental data on which to
base further selection of useful codes, some additional con-
siderations may be helpful. In the test, the Interflash and
dot duration was .15 seconds, and the dash and intergroup
(or Intersubgroup) durations were .45 seconds. On this basis,
the longest complete cycle in the Morse code set, three dashes,
was 1.80 seconds. Two of the selected dots-only signals re-
quired 2.'0 seconds pe.- cycle. The two next-largest durations
were 2.10 seconds. It is thus apparent that the cycle times
for the Morse code set are appreciably shorter than those for
the dots-only set.

It also appears likely that the Morse code set, especially
if restricted to signals containing both dots and dashes (re-
ducing the selected number to nine) may be more distinctive
against city-light backgrounds. Many lights in such backgrounds
flash either regularly or erratically. It is unlikely, however,
that any background lights will be seen to flash in a regular
code consisting of both dots and dashes.

The Morse code set (with only those symbols consisting of
dots and dashes) thus appears to be superior to the dots-only
set because (a) it contains many more usable signals; (b) the
time required to present complete cycles of its codes is gener-
ally much shorter; and (c) it is likely to be more distinctive
azainst background lights.
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Intensity Coding

Signal lights can convey information through differ-
*noos In Intensity. For example, arty light seems to grow
less intense with increasing distance, and a more intense
light may be seen further away than a loes intense one,
providing some clue to distance. Anti-collision lights are
generally more intense than position lights, so that in most
cases one may infer that If only the anti-collision light
can be seen, the aircraft Is farther away than if both the
anti-collision light and a position light are visible.

Unfortunately a number of factors limit the value of
this kind of information. One of the most important Is atten-
uation of light as it passes through the atmosphere. Figure 2
shows the range in miles at various transmissivitles of the
atmosphere for three signal light intensities. These curves
are based on an assumed "practical" threshold Illumination of
0.5 mile-candle. The three signal intensities, 20, 100, and
500 candles, represent approximately the order of magnitude
of low-, medium-, and high-intensity lights In present-day
navigation light systems. The 3-mile VFR visibility require-
ment corresponds approximately to an atmospheric transmissivity
of 0.25/mile. It is evident from the figure that range esti-
mated from apparent Intensity is subject to considerable ambi-
guity, if the atmospheric transmissivity is unknown. For
example, when the tranamissivity is 0.85/mile ("very clear")
a 20-candlepower signal observed about 4 miles away would
appear equal in intensity to a 500-candlepower light observed
at the same distance when the transmissivity is 0.4/mile
("light haze"). Or, to look at it another way, a 100-candle-
power light signal would appear at the "practical" threshold
when it is nearly 8 miles away, If the transmissivity is 0.85/
mile; but if the transmissivity is 0.4/mile, it would appear
at the "practical" threshold at less than half that distance.

The appearance of signal lights is very sensitive to at-
mospheric tranrmissivity, even within the limited range of VFR.
Pilots can estimate the condition of the atmosphere from visual
cues, from weather reports, etc., although such estimates are
often subject to considerable uncertainty. Because of the
value of range information, pilots should be trained to make
such estimates, however uncertain they may be. Studies have
shown that ability to estimate range can be greatly improved
by training (Applied Psychology Corporation, 1962c).

Another factor tending to reduce reliability of range
information derived from signal lights is the variability of
Intensity, both within the distribution of any given light as
the sighting direction changes, and between different lights.

If signals of different intensities appear simultaneously
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Fig. 2. Range vs. atmiospheric transmissivity tor
light intensities of 20, 100, and 500 candles, based on
"practical" Illumination threshold of 0.5 mile-candle.
(A "mile-candle" Is the illumination at a distance of
1 mile produced by a source with an intensity of 1 candle.)
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or In close succession, the pilot's ability to estimate
range may be somewhat improved, although the results of
a laboratory study of such a system do not support this
(Applied Psychology Corporation, 1962d). If Lwo intensi-
ties are used, each has a separate threshold and corres-
ponding range. Some anti-collision l2gh~s, for example,
have alternating flashes of different intensities. When
picked up near the limiting range, only the higher-inten-
sity flash is visible, and the flash frequency t. half the
nominal frequency. Close in, the weaker flash is seen and
the frequency dcubles to nominal frequency. In addition to
the ohange of frequency, the difference in intensity between
successive flashes is noticeable. The anti-collision lights
with alternating flashes of diff-rent intensities are good
examples of the kind of unreliability of this distance esti-
mation technique, mentioned above. The higher intensity
flash is achieved oy optics which at the same time produce
much narrower vertical beam spread. Thus the beam which is
Pigher in intensity near horizontal is lower in intensity
at elevation angles greater' than about 5 or 10 degrees. If
the sighted aircraft is in a bark, and only one of the two
beams is visible, it might be interpreted that the aircraft
is at a great distance when in fact it is very close by.

Intensity coding may help to refine judgments of range,
but does not overcome the irnherent difficulties described
previously. It may oe that Luch coding together with train-
ing designed to make maximum use of its potential can result
in significant improvements. The training should include es-
timating atmospheric transmissivlty, to minimize the uncer-
tainties contributed by this factor. Possible improvement
with trainir•g In estimating range has been shown in both
ground-to-air and air-to-air tests (Applied Psychology Corpo-
ration, 1962c).

Intensity coding can be used to convey other information,
particularly if two or more intensities are presented together
in a spatial array or close together in sequence. Visual es-
timates Cf intensity are very uncertain, but comparative Judg-
ments can be fairly precise. However, spatial arrays o$ in-
tensity-coded lights are not considered to be of value.f
Sequential arrays may be useful. It is felt that such coding
should be reserved for estimating range, since (a) this is an
important item of information, (b) no better techniques for
providing it have been found, and (c) the connection between
apparent intensity and range, even if subject to uncertainties,
is a close one.

1 This will be discussed in the section on array coding,



Simple intensity codes can be read quickly. Estimates
of apparent intensity are direct and immediate. If a sequen-
tial code is used, there is an inherent delay in presenting
the time sequence, but the delay can be quite short since
the time required for each element in the sequence need not
be long.

Array Coding

Spatial arrays of lights may convey information, and
offer attractive possibilities of conveying detailed informa-
tion rapidly. The technique has been used as a major or in-
cidental component in a number of navigation light systems.

Static spatial arrays, if not too complex or ambiguous,
convey their information very rapidly. Those which build up
the array in a time interval may be somewhat slower but are
still quite rapid if the time interval is short. In the Mad-
sen system, for example, the time to complete a flashing se-
quence is about 1/6 of a second, and the repetition rate (for
a single row) is 40 per minute.

However, several difficulties in the use of array coding
limit its usefulness.

Spatial arrays vary in apparent size with the distance
of observation. Arrays whose angular dimensions are of the
order of one minute of arc or less will be difficult to inter-
pret, especially if they are complex. Thus if an array's
cross-sectional diameter is 6 feet, it will subtend I minute
of arc at a range of about 4 miles. While it is sometimes
possible to locate the elements of an array in such a way as
to obtain dimensional cross-sections of 6 feet or more, often
it is difficult or impossible.

For example, in the systems using rows of sequentially
flashed lights along the fuselage, adequate dimensions are
obtainable along the fuselage when the observer is abeam, but
as the direction of observation is moved to the front or rear
the row of lights is foreshortened until it becomes unreadable
as a row. The precise limit of readability will of course de-
pend on the length of the row and on the distance and angle of
observation.

Arrays are much more feasible when the information is
intended for use in limited directions. If the direction of
interest is abeam, the length of the fuselage is available
for the array. If the direction is fore or aft, the wingtips
provide adequate separation. If the view is from above or
below, both the fuselage and wings provide potentially large
cross section.
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If the kinds of information coded into an array require

that it have the same appearance for all directions of sight-
Ing, then array coding is likely to be altogether impracti-
cable. If the array-coding system codes information by means

of the change of the appearance of the array with direction,
it is more practicable, in principle, to provide necessary
locations about the aircraft, but usually at the coat of In-
creased complexity. An example of such an array is the Lytle
system, in which three flashing lights are mounted at the
forward end of the fuselage, one at the nose,and two back
along the fuselage, one on top and one on bottom. Head-on,
the three lights are in a vertical line. On either side of
head-on, the three lights form a triangle, the apex of which
(at the nose light) indicates how far the view is from head-on.
A similar arrangement at the rear, with the three rear lights
flashing at lower frequency, completes the system. Sector in-
formation is provided to the side by the array and the flash
frequency coding of the four fuselage lights. This system
seems to provide excellent azimuthal sector information which
is unambiguous and simple to learn. It also exemplifies many
of the problems of array coding, including those already men-
tioned and others. These are listed, but similar problems are
likely to arise in the design of any complete array-coded sys-
tem.

1. From the point of view of backscatter, the three
lights at the front of the fuselage are in the worst possible
location. Of these three, the nose light and the one on top
of the fuselage are in particularly poor locations for any
appreciably intense light.

2. From several directions, one or more of the lights
in any given array may be occulted by the wings, the empennage,
or other structures. If one or more lights of an array is
missing, the infortuation may be uninterp!'etable or misleading.
With any navigation light system, it is often difficult to
avoid occultation in some directions, but when an array code
is used the difficulty is compounded.

3. Precision is often degraded when the observer is not
on the same altitude, even when the elevation angle is rela-
tively small. Near dead ahead, for example, if the observer
is at a lower altitude, the nose light and the upper forward
fuselage light are closer together and may even merge, making
the information difficult to read or ambiguous. If they are
separable, however, the information may be adequate and may
even give some Indication of the elevation angle.

4. Locating the lights to provide adequate cross section
at required distances poses a problem. Forward, for example,
the maximum dimenslon is the height of the fuselage. On a very
large aircraft this may be adequate. On small aircraft, it may
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be quite inadequate. In general, the problem of obtaining
adequate array dimensions on smaller aircraft is especially
difficult to solve.

Under certain conditions some array-coded systems give
misleading information. Those systems using sequentially
flashed rows of lights to indicate the direction of flight
may sometimes appear to flash in the opposite direction.
This occurs if the observer's speed is greater than the pro-
Jected component, parallel to the observer's direction of
flight, of the sum of the intruder's speed and the speed of
progression of the row of lights. In a typical installation
(9-foot spacing, between lights of a row, .075 seconds be-
tween successive flashes) the speed of the lights Is about
80 miles per hour. If the intruder aircraft carrjing these
lights has a speed of 200 miles per hour, the sum of the two
speeds is 280 miles per hour. If the observer aircraft is
abeam, moving on a parallel course at a speed of 280 miles
per hour, the lights will appear to be successive flashes
from a single light in a fixed position; if the speed is
greater than 280 miles per hour then the direction of the
successive flashes will appear to be opposite to the actual
direction of the observer's aircraft. Although in such a
relative-course situation no collision impends, the informa-
tion is nevertheless misleading, and in other situations not
so clearly noncollision, the false information could lead to
serious confusion--if not to collision.

Some array codes use the standardized (CAR) location of
navigation lights, for example on the wingtips. Occasionally
this can operate satisfactorily, but here too may present
problems. If both lights can be seen the wingtip array can
convey banking information, but aspect information obtained
from the array of a wingtip light and the taillight is more
ambiguous if the intruder aircraft structure is unknown. The
spatial relation between the wingtip and tail differs from
airplane to airplane. On some the wingtip is well forward of
the tail, on others much closer to it or even rearward of it.

Because of the difficulties with array coding, it should
not generally be a primary part of a navigation light system.
It may have incidental value in systems employing other types
of coding.

Combination Coding

Most navigation light systems combine coding techni.ues.
The CAR "standard" system codes azimuthal sectors by color and
distinguishes the red anti-collision light from the red position
light by flash coding and, 'Zo a lesser extent, Intensity coding.
(As with many other systemvi, incidental array coding of the wing-
tip lights gives bank indi.cation in limited directions.) In the
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Ummeywell-Atkins system, flash-frequency coding provides
azimuthal sector Information while the wingtip array. e-
cause of a sizable overlap (45 degreeb on either side of
fore and aft) sires bank information over a substantial
field of view. The Lytle system uses flash-frequency
coding and array coding.

Techniques can be combined readily, often without sig-
nificant lose of distinctiveness for ~either type in the
combInation. Color coding combined with any type of flash
coding can be read, except for any long, oar'k interval, with
little or no more difficulty than If used alone. A system
for presenting large amounts of aifferent types of informa-
tion would almost certainly combine techniques.

One way of adding information to a system is "time
sharing," presenting different information in successive
intervals, or distinguishing signals by giving then an alter-
nating characteristic. Onie navigation light system, for exam-
ple, hau two tail lights, one red and one white, flashing
alternately, thus distinguishing them from the left wingtip
light, which is a simple flashing red light. Dot-dash flash
pattern codes are similar to the red-white taillight, In.
that distinctiveness and information are gained by having
successive fLashes differ In some respect. The more iLpor-
tant type of time-sharing combinations would present dIffer-
ent Information successively,. No system using this kind of
time-sharing has yet been formally proposed, and it is not
likely to be advantageous unless very large amounts of in-
formation are considered essential.

Coding techniques can be combined in numerous ways, and
the optimum combination for a given requirement may not be
easy to choose. The choice requires careful evaluation in
term of the four criteria for individual techniques, listed
at the beginning of this section, and must in addition con-
sider interaction effects.

One particular combination is of special interest: flash
coding and Intensity coding. The discussion of flash coding
noted that the fixity-of-bearing criterion to determine a
collision course is likely to be m~coh le3s uccurate if the
target light flashes than if it is steady. Such reduced pre-
cision can be avoided to some extent if the light pulsates
rather than flashes, so that the signal may be considered to
consist of a steady light and a superposed flashing light.
The flashes, more intense than the steady component, provide
intensity coding as described earlier. When first picked up,
the steady component is invisible, and the appearance Is that
of a simple flashing light. As the distance Is reduced, '-he
steady component becomes visible and there are no dark inter-
vals. Within the range that the steady component can be seen,
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the fixity criterion should be usable with nearly as much,
perhaps as much, precision as with a simple steady light.
The difficulty in using fixity at longer ranges would con-
tinue in such a system, but is not too much of a loss be-
cause at longer ranges the usefulness of the criterion is
not very great anyway (Calvert, 1958; Applied ?sychology
Corporation, 1961a).
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IV. INTENSITY, EFFICIENCY, AND VISIBILITY

The visibility of a light signal may be defined in
terms of the threshold illumination it produces at the
observer's eye under a given set of conditions. This
threshold is determined by a large number of physical and
psychological factors, among which are (a) the signal's
intensity, size and shape, color, movement, and distance
from the observer; (b) luminance of the background; (c)
other lights in the field of view; (d) the atmosphere;
(e) backscatter; (f) the optical quality and location of
the cockpit windows; (g) the portion of the observerls
retina on which the signal image impinges; (h) the observ-
er's adaptive state, physiological environment, individual
visual capability, alertness, and search habits; and (i)
distractions diverting the observer's attention.

This discussion will consider the more important aspects
as they relate to optimum design and operational use of air-
craft navigation light systems. Because of their special im-
portance, effects of the atmosphere, backscatter, background
lights, and cockpit visibility will be discussed separately
in subsequent sections.

Navigation lights, because of their small size and the
relatively large distances at which they are observed may be
considered "point sources": only their photometric intensity
need be considered in determining visibility. It has occasion-
ally been proposed that extended sources be used in navigation
light systems, either by using extensive light sources, such
as linear sources installed along appreciable lengths of wing
edges, or by floodlighting the surfaces of the aircraft; the
floodlights themselves would be invisible generally but would
provide a visible signal oy illuminating the surface, As
will be shown later, extending light signals into lines or
areas drastically reduces the efficiency with which electrical
energy is converted into visible light signals. Because of
the need for high efficiency, navigation light signals should
be limited to point sources.

Movement of a light signal in a field of view reduces
its apparent intensity. If the movement is rapid, a signal
may become invisible, although significant effects of movement
on visual performance occur at rates far in excess of those
involved in visual collision avoidance (Miller, 1958). How-
ever, movement may affect an observerls ability to detect a
signal when the background contains other signals. 1

1 This is discussed in the chapter on Lights and Backgrounds.
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Individuals vary considerably In all kinds or visual
characteristics. It Is not possible in this report to die-
cuss this in detail; In general, only average performance
is discussed.

Visual Thresholds

In the absence of atmospheric attenuation, the Illumi-
nation, E, produced at an observer's eye, located at a dis-
tance, D, from a source of intensity, I, is given by the
"inverse square law":

Em
D2

Thus the apparent Intensity of a source of a given in-
tensity seen at a given distance is the same as that of a
source of four times the Intensity seen twice as faj away,
if the two sources are alike in all other respects.

The threshold illumination, Eo, has been extensively in-
vestigated, but the results vary over an extraordinarily wide
range. Some variation Is due to the considerable variability
among Individuals, and in any individual from time to time.
Another source of variation Is the uncertainty of the criteria
used to determine threshold. Threshold judgments by observers
are largely subjective, and are affected significantly by the
Instruction they receive as well as by the experimental design.

The reported results are also related to the scoring
techniques. One comwonly used method considers threshold
that value of Illumination at which the observer's accuracy
score is 50%., a scoring criterion which theoretically has a
number of advantages; but others feel that a threshold repre-
senting a higher likelihood of seeing Is more meaningful, and
thus use a scoring criterion of 90 or 95% accuracy.

The order of magnitude of threshold illumination for
white point-source signals observed against dark backgrounds
with a high probability of seeing under favorable con itions
is 0.01 mile-candle (Knoll, Tousey, & Hulburt, 1946). Actual
field sightings with observers not knowing where or when a
signal may appear occur at considerably higher threshold illum-
Inations and are wdch more variable than those obtained or

1 A more detailed discussion of range is given in Chapter V.

2 The illumination produced by a source of intensity .01

candle at a distance of 1 mile in perfectly clear air, for
example.
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cited by Knoll, Tousey & Hulburt. For estimation and speci-
fication it is convenient to agree on some field value of
threshold illumination which may be considered reasonably
representative of search situations such as prevail in air-
craft collision avoidance. Many experts in this area agree
on a "practical" or "useful" threshold of about 0.5 mile-
candle (Middleton, 1958, p. 99; Technical Committee 3.3.2.1,
C.I.E., 1955; Stiles, Bennett, & Green, 1937, p.30; Gilbert
& Pearson, 1951; Adrian & Jainski, 1960). While the "practi-
cal" threshold may be used for general calculation, very
different thresholds may apply In particular cases (Koomen &
Dunkelman, 1953).

The value of threshold illumination is not much affected
by variations in background luminance in the range from total
darkness to starlit sky; but as background luminance increases
above this range, the threshold signal illumination increases
by as much as 100 times greater than that against a very dark
back round (Middleton, 1958, p. 97f; Knoll et al, 1946; de Boer,
1951).

Adaptation, Fixation, and Signal Color

The adaptive state of the observer has a profound and
complex effect on his visual capability. Measured in terms
of ability to detect the presence of a faint signal, this
effect may change the detection threshold by several orders
of magnitude. The reduction in sensitivity caused by an ex-
cess of brightress in the visual environment is related to a
number of factors, and in any given cockpit situation is like-
ly to be difficult to analyze. In one investigation, cited
by Stiles et 41 (1937), background adapting luminances from
less than 10-J (moonless night sky) up to nearly 500 ft-L
(overcast sky) were utilized. The ratio of the sensitivity
I second after the adapting luminance was turned off to the
sensitivity after an hour of dark adaptation was determined.
Ratios as high as 1000:1 were obtained. While the necessity
for maintaining a minimal luminance level in the cockpit in
order to carry our pilot functions precludes the possibility
of attaining complete dark adaptation, carelessness in light-
ing the cockpit can easily produce disabilities in ratios
ranging from 5:1 to 100:1 and gross carelessness can result
in ratios considerably greater. It is thus of great impor-
tance that pilot's vision be maintained In as nearly fully
dark-adapted condition as is consonant with performing., other
functions, and thus ambient illumination in the cockpit should
be at a minimum.

Absolute dark adaptation, which requires a half hour or
more in total darkness, is probably only rarely achieved under
actual flight conditions. Intermediate states of dark adapta-
tion are common and can be considerably affected by factors
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subject to control within the aircraft. Ambient luminances
outside the cockpit impose the basic limit or, the extent of
dark adaptation possible. (Backscatter from lights on the
observer's aircraft may contribute significantly to ambient
luminance.) However, high luminances in the cockpit may
reduce the degree of dark adaptation or delay recovery of
the fullest possible adaptation for appreciable lengths of
time (Wulfeck, Weisz, & Raben, 1958).

Two types of receptor elements are distributed through
the retina, the rods and the cones. In the fovea, the central
part of the retina, cones are densely distributed and there are
no rods. Cones are distributed through the peripheral or
parafoveal parts of the retina, outside the fovea, but their
density is very much less than in the fovea. When the eye is
fully dark adapted only the rods are involved in sensing very
faint lights. When the eye is light adapted, only the cones
are involved in seeing. In intermediate adaptive states, both
rods and cones may be involved. The cone system is largely
responsible for sensing color and appreciating detail. Color
cannot be identified when only rod vision is involved. When
the eye is dark adapted the se- sitivity of the rods is much
greater than that of the cones for all colors except deep reds.
The rod threshold for a faint green signal is of the order of
100 times lower than the cone threshold and approaches a value
nearly 1000 times lower at the extreme blue end of the spec-
trum (Wulfeck et al, 1958).

With complete dark adaptation, it is thus possible to
detect in the periphery faint green or blue signals which are
invisible when the eye is fixated directly on the signal and
its image falls on the fovea. It is, however, uncertain how
important a role this plays in visual collision avoidance,
since complete dark adaptation is seldom if ever achieved
during flight. Signal illumination levels at which sighting
actually occurs are likely to be well above the levels at
which pure rod response prevails. Middleton (1958, p. 98)
says the pilot probably never uses parafoveal vision to dis-
cover lights, an opinion he bases on the unlikelihood of
achieving any high degree of dark adaptation (mentioning
principally the need to look at lighted instruments) and the
factors which tend to raise visual thresholds, such as in-
ferior window quality and aircraft movement. These factors,
plus the fact that detection is usually accomplished without
the pilot's knowing where or when to look, leads to the com-
paratively high "practical" threshold, and supports Middle-
ton's contention that sightings are almost always foveal.
Without conclusive evidence, however, peripheral sightings
should not be entirely rejected. Cockpit instrument panels
can be designed and operated so that instruments can be read
without serious loss of dark adaptation, and other factors
suggest that at least occasionally the high sensitivity and
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other characteristics of a good measure of dark adaptation
may be effective.

Some experimental work suggests that above absolute
threshold the apparent intensity (foveal) of a red zignal
light is greater than that of a white or green signal.
Middleton-&Gttfried (19571, for example, working at levels
in the neighborhood of the 'practical" threshold, found that
red signals of equal photometric intensity appeared as much
as twice as intense as white signals. Other experimental
data indicates that the relative peripheral sensitivity to
red light is appreciably higher for signals above absolute
threshold than at the absolute threshold. A similar increase
in red sensitivity is observed when the eye is adapted to a
brighter background (Kinney, 1958). The results of these
laboratory experiments are very difficult to apply to field
situations, and serve mainly to underline the extraordinary
complexity of the psychophysical phenomena involved. In the
absence of definitive experiments which relate directly to
visual collision avoidance, sweeping conclusions, such as
avoiding the use of red signals because of the low sensitiv-
ity of the dark-adapted peripheral retina for red light,
should be avoided.

In any event, when the color of the signal light must be
identified, it is clear that higher thresholds apply, that
foveal viewing is probable or required, and that there are no
very large differences in threshold for the colors of ordinary
three- or four-color systems (Middleton, 1958, p. 102).

lashin Lights

The effective intensity of flashing lights has been
studied extensively under a great variety of experimental
conditions (Projector, 1957). The generally accepted method
for computing the effective intensity of a signal flash ob-
served at or near threshold Is that proposed by Douglas (1957)
(based on the classical investigation of Blondel and Rey, 1912):

-l I dtf t2Id

Ie .,.

.2 + (t 2 - tl)
where

Ie = the effective intensity

I a the instantaneous intensity
at any time, t, during the flash

tI and t 2 * times near the beginning and end of
the flash, selected to maximize Ie
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"Analysis of this equation shows that the flashing of a
light signal at Intervals makes more efficient use of lumi-I

nous energy in producing intensity (and therefore visibility)
than distributing the same energy in a steady-burning light.
The increase in utilization of energy is of course inversely
proportional to the frequency of the flash, but such increase
umust be weighed against the increase of the duration of the
dark interval between flashes, when no signal is visible at
all. It is also evident that short flashes are more efficient
in producing high effective intensity than long ones (for
constant total flAsh energy), but that the benefit of reducing
flash duration reaches a maximum when the flash duration is
appreciably less than the constant in the denominator, 0.2
second. Thus durations less than about 1/20 second are almost
equally effective (for equal flash energy), no matter how
short they may be.

While the variation of effective intensity of flashing
lights with such other variables as color and background luml-
nance is often more complex than the variation of the apparent
intensity of steady lights with these variables, relationships
established for steady signals, subject to the above equation,
may be used for roughly approximating flashing signal charac-
teristics.

Efficlency

The efficiency with which electrical energy is converted
to visible light signals is of great importance in designing
and evaluating navigation light systems. On any aircraft,
however large or high powered, the unnecessary consumption
of Dower, or the addition of excess weight or unnecessary
bvlk, results in measurable reductions in over-all performance.
O:1.1 smaller aircraft such waste may be critical, and decisive
lan determining a design's feasibility. Since standardization
of light systems for all aircraft is essential, It is evident
that efficiency, alwadr-an important consideration, may dic-
tate the choice among alternatives.

In the final engineering design of a system to meet speci-
fled performance requirements, one or another particular com-
ponent may be called for to produce maximum efficiency. In
general, however, there are no categorically superior compo-
nents--for example, particular light sources--which can be
selected in advance as components of choice for meeting all
possible requirements.

The efficie-.!:y with which electrical energy is converted
into luminous signa1i3 consists of two parts: the conversion of
electrical energy to luminous energy, or the "conversion effi-
ciency,6 and the conversion of the luminous energy to light
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signals with the required intensity distribution, color and
flash characteristic, or "signal effi'iency."

Conversion efficiency. The effi lency of conversion of
electricti -to luminous energy varies over wide limits. White
fluoresc,;nt lamps may have efficiencies as high as 75 lumens
per watt (LPW1), green fluorescent lamps may produce as much
as 125 LPW. Conventional incandescent lamps have efficien-
cies in the neighborhood of 10-20 lumens per watt. But the
erficlencies of all light sources are largely dependent on
compromises with other design criteria, most particular)-
the design life of the source and the required maintens .
characteristics (the manner in which light output charL -
during the life of the source). For example, short-life
photoflood incandescent lamps emit well over 30 LPW.

The efficiency of auxiliary equipment necessary to
operate the source may significantly reduce the over-all
efficiency of the equipment. For example, the conversion
efficiency of a conventional condenser-discharge light sa
of the order of 30 to 40 lumen-seconds per watt-second.'
But the efficiency of the auxiliary equipment necessary to
operate condenser-discharge lights may be of the order of
less than 50%. Thus the over-all conversion efficiency of
condenser-discharge lights is comparable to that of incan-
descent lamps (Mullis & 4"rojector, 1958).

Signal efficiency--intensity distribution. Navigation
lights are ail requirea to -ave a 3lstrloutlon of intensity
in space. Minimum intensities are specified in a2l direc-
tions. The design of equipment to produce distributions
with sharp cutoffs in any direction is generally easier if
the light source is small. Whenever the light emitted by a
light source is controlled or redirected by lenses or mirrors
or baffles, some degree of inefficiency, often substantial, Is
introduced. Light energy may be partially absorbed in the
process of redirection; it may be scattered or redirected in
undesired directions; and it may be impossible to redirect
some of it as desired.

It is essential to analyze efficiency in terms of inten-
sity distribution rather than intensity in any one direction.
If high intensity is desired only narrowly in one direction,
it is possible, by redirecting in the desired direction the
lij'ht flux enitted by the source in other directions, to

1 Energy units are used to evaluate flashing source effi-

ciency rather than the rate-cf-energy-emission units used for
steady lights.
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obtain enorously high intensities. Thus, for example, a
600-watt landing light consisting of a small incandescent
filament source and a parabolic reflector produces a narrow
beam with a maximum intensity of over half a million candles.
The efficiency with which the light flux is directed into the
desired beam, measured in beau lumens per watt, is consider-
ably less than the conversion efficiency of the filament
source itself, although the intensity of the latter, in the
absence of a reflector, would be only of the order of 1000
candles.

Signal efficiency--color. When the color of the flux
e*ittei by a 11hit source must be changed by the use of fil-
ters, efficiency may be substantially reduced. Thme reductions
are measurable in terms of the transmissions of the filters
for the light emitted by the source. With incandescent sources,
the transmission of red and green filters (to produce Aviation
colors) is of the order of 20% to 25%. If, however, the light
source is a condenser-discharge light, the transmission for
green is about the same as for an incandescent source, but
the red transmission is only about half as much, or even less,
depending on the particular lamp. The transmission for a blue
filter would be appreciably higher. Virtually no filtering
at all would be required for bluish white, whe:*eas the bluish-
white filter required for an incandescent source might have a
transmission of 25-50%. It is evident therefore that differ-
ent light source-filter combinations designed to produce the
same signal color may have radically different efficiencies.

In general, color coding implies reduction of efficiency,
and this must be taken into account in over-all evaluation of
a system.

Sigal efficlenc--flashig lights. The signal efficiency
of a rlasnirg l~gHt can De evaluated by extending the computa-
tion technique of Douglas for effective intensity (Projector,
1958a). This nethod takes into account not only the effect
of flash duration and instantaneous intensity, but also the
distribution of effective intensity, which, in determining
the efficiency of a steady light, is analogous to intensity
distribution. As with effective intensity, the shorter the
duration of the flash for a given flash energy, the higher the
efficiency. Below about 1/25 or 1/50 of a second there is
little to be gained by further reduction in duration.

Thus condenser-Cischarge lights, with flash durations of
the order of a millisecond or less, make maximum use of lumi-
nous energy, but any light source, emitting a flash of very
short duration, can operate with an efficiency not significant-
ly less. For example, if the flash duration is of the order of
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1/25 second, the efficiency is about 80% of the efficiency
of a condenser-discharge light with the same energy content.
If, however, the duration is of the order of 1/5 second, the
efficiency may be only half that attainable with a condenser-
discharge light.

Incandescent lamps can be flashed electrically, by in-
terrupting the current supply, or can be designed into fix-
tures which produce flashing signals by occultation, by
rotation, or by oscillation of directed beams. Because of
the thermal inertia of incandescent filaments, short dura-
tion, high-intensity flashes are difficult to obtain by
electrical flashing. It takes time to heat the filaments
to incandescence and to cool them off between flashes. Oc-
cultation with shutters also involves inertia, mechanical in
this case, and may also reduce efficiency if the flux emitted
by the source during the dark interval is not utilized. Ro-
tating beams, and, to some extent, oscillating beams can
readily be designed to emit flashes of very short duration
and high signal efficiency approaching that of condenser-
discharge lamps.

If flash-pattern coding consisting of dots and dashes is
used, it is not possible to obtain the high signal efficiency
of short-duration flashes, since the dashes must be of appre-
ciable duration to be distinguished from the dots.

The relative signal efficiency of flashing lights as
compared to steady lights can be calculated (Projector, 1959b),
but to do this, the repetition rate of the flashing light
must be taken into account. For repetition rates of about
60-80 flashes per minute, relatively short-duration flashing
lights may have signal efficiencies five times as great as
comparable steady lights.

Signal efficiency--extended sources. All light signals
originate in real or apparent sources tnat have extent. How-
ever, if under given conditions of observation this extent
subtends less than a certain visual angle, the observer sees
it as a point source. This means that only the intensity of
the signal determines its visibility. If, however, the visual
angle of the source exceeds the maximum angle for point-sou'ce
observation, then the visibility depends on the size and shape
of the source and on its luminance. The relationship between
source size and shape and luminance has been studied by a
number of investigators (de Boer, 1951).

When the results of these investigations are expressed
in terms of the illumination produced at an observer's eye,
we have a direct measure of the relative signrl efficiency
of the sources of different sizes and shapes. Results show
clearly that sources having extent are substantially less
efficient in producing signal visibility than point sources.
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When viewed against a moderately dark background, a circular
source subtending a visual angle of one degree must emit five
times as much flux as a source subtending one minute of angle
for equal visibility. The maximum angle for effective point-
source viewing Is about a half minute to 5 minutes, depending
on viewing con'itions.

A special category of extended sour'ces is linear sources,
such as tubular fluorescent lamps or closely spaced rows of
individual point sources, where the critical visual angle is
exceeded In only one dimension. Losses in efficiency with
such sources are not as great as with extended-area sources,
but are of the same character.

Another special case is that of designs in which light
sources illuminate aircraft surface*, which then provide the
visible signal. The efficiency of such arrangements Is es-
pecially poor. They not only have the inherent inefficiency
of extended-area, sources but are subject to losses In reflec-
tion and to losses arising from the difficulty of directing
all the light from the source onto the surfaces, and all of
the light reflected from the surfaces, in desired directions
only.

Thus, maintaining high signal efficiency in a navigation
light system can be achieved only by using effective point
sources in all system components.

Other Engineering Considerations

Detailed engineering design of navigation light systems
requires consideration of a number of factors which differ
among aircraft. Por any aircraft, the usual aeronautical
engineering objectives of minimum weight, high efficiency,
reliability, safety, and low cost are applicable. Since a
standard navigation light system suitable for all aircraft
is essential, some of these considerations will be of greater
importance for some installations than others. For small air-
craft, minimum weight, high efficiency, and low cost may be
much more decisive. For high-performance aircraft, finding
suitable locations for .ighting fixtures may be more diffi-
cult. Capability of withstanding high temperatures may be
an important requirement for some Installations but of little
importance for others. It is difficult to deal with such
problem generally, but a standard navigation light system
will require full consideration of the special difficulties
that may be encountered on particular classes of aircraft,
and may even require that different, but compatible. systems
be standard for different aircraft categorfes.



V. THE ATMOSPHERE, BACKSCATTER, AND VFR

In a perfectly clear atmosphere, the illumination, E,
at the observer's eye, is related to the intensity, I, of
a light source and the distance of observation, D, by the
inverse square law:

E.

The atmosphere is never perfectly clear--even theoret-
ically pure air attenuates light to some extent--and in
general, the inverse square law must be modified to take
into account the effect of the atmosphere. The modified
law is Allard's Law (Middleton, 1958, p. 137):

E sI tD
D2

where t is the transmissivity of the atmosphere, or
the transmission per unit distance (same units that
D is measured in)

General flight in controlled airspace under visual
flight rules, at altitudes up to 14,000 feet, is permitted
only under atmospheric conditions which would result In at
least 3-mile flight visibility in the daytime.

Table 2 gives the designation, daylight visual range, and
transmissivity for several atmospheric classifications fri
the International Visibility Code (U. S. Coast Guard, 195;).

The two components of a light signal's attenuation--
that due to the inverse square law and that due to atmos-
pheric effects--contribute quite differently to the re-
sulting illuminance. This is illustrated in Fig. 3, a
graph of the relation between illumination and distance for
various transmissivitles, as given by Allard's Law. The
source intensity used as a basis for the curves in the figure
is 100 candles, the minimum intensity required by the CAR for
anti-collision lights in all directions within 5 degrees of
horizontal. Anti-collision lights that meet the requirements
are likely to have peak intensities in excess of the required
minimum. To convert the values for illumination given 4n the
graph to values appropriate to sources of any intensity, it
is necessary only to multiply the given value of E by the
ratio of the new value of intensity to 100 candles.

Curves for four values of transmissivity are plotted.
The upper curve, for a value of t a 1, represents the inverse
square law without any atmospheric attenuation. The next
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Table 2

Visual Properties of the Atmosphere;

International Visibility Code

Atmospheric Daylight
Designation Visual Tranamissivity

Range, (transamission/mile)
Miles

Exceptionally clear over 31 over .88

Very clear 12 to 32 .73 to .88

Clear 6.2 to 12 .53 to .73

Light haze 2.5 to 6.2 .21 to .53

Haze 1.2 to 2.5 .044 to .21
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1000 ILLUMINATION VS. DISTANCE

FOR SOURCE INTENSITY= 100 CANDLES

FROM ALLARD'S LAW:
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Fig. 3. Illumination from a lOO-candle signal at

various distances for selected values of atmosphere
transmissivity.
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curve, for t . 0.8/mile, represents a "very cleax" atmos-
ere, The third curve, for t a 0.6/mile, represents a

clear" atmosphere. The fourth curve is very important:
the value for t, 0.25/mile, represents an atmospheric con-
dition when the daytime visibility is about 3 miles, the
mlniam flight visibility for VPR operation in control zones,control areas,, and transition areas.

The 'practical" threshold of Illumination, 0.5 mile-
candle, In indicated on the graph.

It is evident from the figure that at closer ranges in
clear atmospheres the principle source of reduction In il-uin-
Ination with distance is the Inverse square law. At longer
ranges and at lower atmospheric transuissivities atmospheric
attepuation Is increasingly Important. Atmospheres repre-
senting the limits of VPR are decisive in limiting visibility
at longer ranges.

The figure shows that for marginal atmospheres, when

t a 0.25/mile, the illumination is below the practical"
threshold at 3 miles (the threshold range is 2-1/2 miles).
Since the "practical" threshold is, as noted, a very rough
approximation, and since actual anti-collision light Intensi-
ties exceed requirements to some extent, it may be Judged
that anti-collision lights currently in use do provide approxi-
mately the visual ranges required.

If however an aircraft does not have an anti-collision
light, and has only the presently required position lights,
the visual ranges may be seriously submarginal. The CAR, for
example, specify a minimum intensity of only 5 candles for
the wingtip lights in directions from 20 to 110 degrees out-
board--l/20 thi' intensity for which the curves in the figure
were computed. Applying this ratio to the illumination scale
In the figure, it can be seen that when the intensity is 5
candles the "practical" threshold illumination will be at-
tained at 3 miles only if the atmosphere is "perfectly clear;"
any atmosphere denser than "clear" will produce distinctly
sub-marginal illuminations. On the other hand, Increasing
Intensity from 100 to 1000 candles will Increase the thresh-
old range from 2-1/2 to about 4 miles for the mariZnal atmos-
phere, or from 4-1/2 to about 7 miles for a "clear" atmosphere
with a transuissivity of 0.6/mile.

By Increasing intensity, increased range can be obtained
for any atmospheric condition; but in the marginal condition,
atmospheric attenuation becomes so overwhelming that the gain
in visual range becomes less and less as intensity is in-
creased. Figure 4 illustrates this effect.
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Another possible approach to increaping visual range is
to restrict VWR to narrower ranges of atmospheric conditions.
It may be seen in the figure, for example, that if VFR flight
were limited to "clear" or better atmospheres, with a daytime
visibility of at least 6 miles, then the marginal visual range
for a 100-candle signal would increase from about 2-1/2 to 4
miles, the same increase that was obtained by increasing the
intensity from 100 to 1000 candles for an atmosphere with
3-mile visibility. Or, for a signal of 1000 candles, the
range would be increased from about 4 to over 6-1/2 miles.
If light intensity is increased to 1000 candles and VFR re-
stricted to "clear" or better weather, then the inhcrease of
range under marginal conditionz would be from 2-1/2 miles to
over 6-1/2 miles.

Signal Color and the Atmosphere

Under certain conditions the atmosphere may strongly
affect che color of observed lights. The yellow or red of
the sun when on the horizon or when observed through dust or
smoke is a familiar phenomenon. Within the range of condi-
tions of interest in navigation light systems, however, selec-
tive attenuation effects of the atmosphere are seldom of suf-
ficient magnitude to produce such striking effects.

The selective characteristics of atmospheric attenuation
are very complex and in many respects not well understood
(Middleton, 1958). It is possible to describe some of these
characteristics in a general way to indicate their applica-
bility to navigation lights. 1

As noted earlier (see Fig. 3) reduction in signal illumi-
nation with distance consists of two parts, that due to the
inverse square law, and that due to atmospheric attenuation
The inverse equare law is nonselective; all colors follow pre-
cisely the same decay curve.

The contribution of atmospheric attenuation to reduced
illumination is the difference between the illumination at a
given distance as computed by the inverse square law and the
actual illumination at that distance with a particular at-
mosphere. Thus, referring to Fig. 3, the total atmospheric
transmission at 5 miles, when the transmissivity is 0.8/mile,
is 1.3 + 4 = 0.325. When the transmissivity is 0.6/mile, the

1 It should be emphasized that this discussion is limited to
the appearance of observed signal lirhts at night. The effect
of the atmosphere on the observed colors of objects in the day-
time is substantial (Applied Psychology Corporation, 1961b).
The effect of color on backscatter will be discussed later.
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total transmission at 5 miles is 0.3 + 4 = .075. For shorter
distances (or clearer atmospheres) transmission 1s apprecia-
bly higher. At longer distances it falls rapidly.

Selectivity in atmospheric transmissi~ity can affect the
appea-ance of observed signals of different colors in two ways:
(a) the apparent intensities of the different colors can decay
differently with distance, so that two signals that appear
equal in intensity when observed at short ranges can appear
unequal at long ranges, and (b) the observed color of the sig-
nals can change with distance.

Atmospheric selectivity has been stuled by a number of
investigators, often with surprisingly different results.
Sometimes no selectivity has been found at all, at other times
the shorter wave lengths (blues and greens) have been found to
have higher transmissivities than the longer wave lengths (reds
and yellows). Most often, however, and particularly for the
kinds of atmospheres of greatest interest in VFR flight, the
longer wave lengths have been found to have higher transmissiv-
ities than shorter ones (Middleton, 1958).

Those experimental results considered by Middleton to be
most representative or the atmospheric conditions important
in flight are presented in Table 3 in a form indicating the
magnitude of the effects as related to operational situations.
The data for red and green were obtained with lamps and filters
of the general type that might be used to produce these colors
in navigation lights.

It is evident from the table that the effect of selectiv-
ity on apparent intensity is not very large. The largest dif-
ference in the table is in the ratio 2:1 approximately, oc-
curring et 10 miles for green transmissivities .60 and .53/
mile, and at 5 miles for green transmissivity .25/mile. But
comparison with Fig. 4 shows that all three conditions would
produce signals well below the practical threshold even fci
a l000-candle signal. The next largest difference is about
1-1/2:1 at distances and transmissivities above threshold for
a 1000-candle signal but below threshold for a 100-candle s ig-
nal; differences in illumination of such magnitude are not
considered very important. Most of the other differences are
considerably smaller than 1-1/2:1. In sum, atmospheric selec-
tivity may be considered to have only a minor effect on the
apparent relative intensities of red and green signals. 1

1 White signals and yellow signals are intermediately af-
;o fected, so that the difference between red and green is the

maximum to be found in navigation light systems. Blue signals
are attenuated differently, about as much more than green as
red is less, but blue signals are not useful for long-range
z.Jgnaling and are not considered here (Middleton, 1958, p. 173).
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The effect of atmospheric celectivity on the apparent
color of signals depends not only on the magnitude of selec-
tivity itself but also on the particular color. In general,
longer wave lengths are less attenuated than shorter ones,
and the apparent shift of all colors is toward the red end
of the spectrum. Red itself is not noticeably affected,
however, since all the wave lengths that compose red signals
(of the kind used in navigation lights) are within a com-
paratively narrow band. Green signals generally consist of
a broader spectrum of wave lengths from blue to yellow.
Selective attenuation may make the color somewhat more yellow.
However, with most broad-spectrum greens the magnitude of
the strong components of the color in the green region of
the spectrum is much larger than that of the blue or yellow
components, 3o that even in the more selective situations
the total shift or color is relatively small. In the use
of white signals, however,there are substantial components
throughout the spectrum. White signals therefore may be
noticeably yellowed if observed when the selectivity is high.
Even in such cases, the shift would rarely result in a con-
fusion with red signals. However, if distinction from yellow
signals is required, it may be necessary to consider the

Kl possibility of confusion.

If the limits of VFR are changed to the boundary be-
tween light haze and clear, the maximum color shift at any
given distance will be reduced. The green-red ratio of trans-
mission increases with atmospheric density for a given range,
as may be noted in Table 3. Significant color shifts would
thus be limited to very long ranges. If color identification
errors occur at ýhe3e ranges, they are less likely to lead to
trouble and would in any event be readily corrected as a
sighted aircraft closes in and the range is reduced.

At or near threshold, color- identification is more dif-
ficult than at higher levels, the degree of difficulty vary-
ing with the color (Stiles, Bennett & Green, 1937; Rautian &
Speranskaia, 1955). The "practica~l" threshold, 0.5 mile-
candle, is close to the color identification threshood, but
most observers suggest that somewhat higher thresholds, of
the order of 2 mile-candles, are preferable if a high order
of certainty of identification ia reouired (Stiles, et al,
1937; Rautian & Speranskaia, 1955; Hill, 1947).

Backscatter

The attenuation of light signals transmitted through the
atmosphere results from absorption and scattering (due to re-
flection, refraction, and diffraction). In "aerosols" (at-

I mospheres consisting essentially of air and water vapor)
absorption of light is very small compared to scattering,
and can usually be neglected (Middleton, 1958). It is only
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In atmoaphere5 containing large amounts of Industrial
smokes or dust that absorption may be significant.

Light Is scattered by the aerosol in all directions.
That scattered at and near 180 degrees (the direction back
to the light source) constitutes the "backscatter,t" and is
of special importance. When backscatter Is very large, as
in the case of fog or clouds, it can be so disturbing that
a pilot must turn off his navigation lights to avoid serious
Impairment of his vision. However, such gross effects occur
when the atmospheric condition is well outside VPR limits.
However, the disturbing effects of backacatter may be signif-
icantly large even witnin the limited range of "P"R atmos-
pheres, and may impose important design requirements on
navigation-light systems.

The deleterious effects of backscatter may ivnlude (a)
direct reduction of light-signal visibility by increase of
the background luminance against which the signals are seen,
(b) indirect reduction of signal visibility by loss of dark
adaptation, ard (c) more or less 3evere distracting or dis-
orienting effects on a pilot, especially if the light-source
flashes. (In this connection it may be noted that backscatter
from flashing signals originating in rotating beacons may
have different effects from that originating in electrically
flashed lights.)

Visual ra,'ge (or transmissivity) and backscatter are
closely related (Curcio & Knestrick, 1958). There is very
little backscatter in the clearest atmospheres, but back-
scatter can reach serious levels near the limits of VFR.
Curcio and Knestrick found a relation between meteorological
range, V, and the intensity, S, of backscatter:

V- C
s1.5'

where C is a constant.

To the extent tht. transmissivity is selective, so also
is backscatter. As noted earlier, selectivity varies with
the attenuating components that make up any given atmosphere.
For aerosols In the range of interest in VPR, selective trans-
missivities are shown in Table 3, indicating a higher trans-
mission for red than for green. The corresponding backscatter
will be less for red than for green. While the effects of 3e-
lectivit7 'are generally not large, they suggest that red
signals are preferable to shorter wave-length signals, both
because of higher transmissivity and because of lower back-
scatter.



A more Important effect, favorinpg the use of red 31g-
nals wherc backscatter- is a problem, arises from the spec-
tral sensitivity distribution of the different parts of the
retina. The central part of the eye is much more sensitive
to red light than is the periphery. Thus when the eye in
more or less dark adapted, it is much l.css likely that red
signal sightings will occur in the periphery. By the same
token, however, red backscattered light will h0 far less
noticeable in the periphery than will light of other colors.
Since the fovea is relatively small, subtending approximately
5 degrees of visual angle, and the periphery very much larger,
the apparent difference between red backscatter and back-
scatter from other colors is often strikingly large, even
though the ability to detect signal-s in the forea iz not
greatly affected. Knoll et al (1946) have shown that the
visibility of a point source is affected only by its adjacent
background, within about 0.4 degree.

The intensity of backscattered light is proportional to
the intensity of the sinal light that causes it. Thus as
the intensity of navigation lights Increases, backscatter
becomes more important and may on occasion decisively affect
the design of a light. The problems of backscatter arise
primarily in connection with light projected forward into
the pilotts field of view; backncatter from rear projecting
lights is -Lmportý.&it only when a p_'lot searches ýo the side
or rear.

A series of tests of the abllty of observers to detect
target lights through backscatter and to Identify color is
described in Applied Psychology Corporation Technical Reports
No3. 6, 9, and 14 (1962a). Theze tests were carried out at
a field visibility te3t range, and all test conditions were
carefully controlled with the exceptior, of the properties of
the atmosphere, whose transmissivity was measured. Red,
green, and white target and ba'zkscatter lights were used,
the backscatter light was operated both steady and flashing,
and both foveal and peripheral :!ghting were tried.

Surprisingly, the results were largely negative. The
condition of the backscatter light--its color, or whether it
flashed or burned steadlly--had little or no effect on the
ability of pilots to detect the targets or to identify their
color. These negative result- were obtained with a back-
scatter light of relatively high intensity (about 5500 candles),
and in much of the test the atmosphere was close to the limit-
Ing VFR atmosphere c Jr'respondine to a daylight visibility of
3 miles.

The significant differences that dld appear in the data
were generally attributable to atmosphere attenuation and to
selectivity in the attenuation, and to the difference in eye
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sensit•v!ty ftr different tar$1'-t c:1cor por1phereily anC
foveally.

It thus appears that backcncatter 1n the aourtht iikely
to occur with navigation light zyatems, even If they Include
components of appreciably higher intensities than are now
used, w1ll not significantly affect the detectability or
identifiabllity of intruder lights.

There are, however, other possible effects of back-
scatter which may be important. These include, as noted
previou-ly, distracting or disorienting effects. Pilots
have noticed and reported strong disturbing effects. These
reports suggest that there are significant differences be-
tween flashing and steady backscatter, and between back-
scatter of different colors. Investigation of the psych-
logical effects of backscatter will be increasingly impor-
tant as high-intensity navigation lights come into use.

It is therefore u!!eful at the present time to design
navigation light systems that minimize backscatter as much
as possible, even though some of its expected deleterious
effects have not been confirmed by tests. Backscatter effects
on a pilot c-an bc minimized in a number of ways;

1. By lateral separation of the light source from the
pilot. Thus, wingtips constitute the most favorable location
for forward-projecting lights.

2. By longitudinal separation of the light source from
the pilot. This does not result in as great a reduction in
backscatter as does lateral separation, but the divergence of
light beams results in a marked reduction in luminous flux
density (and with it the brightness of backscatter) with din-
tance from the source, particularly very near the source.
It is thus advantageous to locate a fuselage-mounted light
(an anti-collision light for example) as far back from the
cockpit as practicable.

3. By intensity distributions with sharp cutoffs in-
board (this should be coupled with lateral separation). Thi3
results in very low backscatter brightness in the areas di-
rectly forward of the cockvlit, but permits high signal in-
tensity forward for the benefit of the pilot of an Intruder
aircraft.

4. By limiting high-intensity forward-projected light
signals to red, for reasons described above.
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VI. LIGHITS IN: ThIi DAYTIFE

In Chapter iV it was indicated that the threshold
illumination of a light signal is affected by the lumi-
nance of the background against which it is seen. As the
luminance of the background increases,the threshold illumi-
natlon increases. For dark backgrounds up to the range oz
moonless starlit night skies, the 4ncrease in threshold
signal illumination is not large and does not significantly
affect the "practical" threshold. As sky luminance in-
creasee above that of the moonleas sky. the threshold il-
lumination rises rapidly. In a bright moonlit sky, the
threshold is about 100 times greater than in a dark sky.
In the daytime thresholds are 1000 to 10,000 times higher
(Blackwell, 1966; Knoll et al., 1946; Jainski, 1960).

Thus, extremely high inten•itie3 would be required to
provide adequate signal visibilities throughout daylight
conditions. The intensity required to provide a visual
range of 3 miles when the meteo.'ological range is 3 miles
and the background luminance is 1000 footlamberts is about
250,000 candles. Even this intenzIty Is not enough, however.
While 1000 footlamberts is fairly representative of clear
blue sky luminance, the luminancez o fparticular portions of
the skvy often attain much higher values. For example, Hop-
kinson(1954) measured values az high as 8000 footlamberts
near the sun. The sur, itself has a maximum luminance about
half-a-billion footlamberts. The extreme difficulty of
looki.ng into the sun, or even near it, makes it generally
impracticable to attempt sightinZ in the3e directions By
using dark glasse3, especially wher. the z'*n's disc itself
can bc obstructed (for example, by aligning it with a part
of the aircraft structure) it fz zometimes possible to search
in the neighborhood of the zun. Even so, It is far beyond
practicability with the aid of lights.

InteriL'c• 4£ 25v,000 candies can be produced in light-
ing equipment, but only in limited directions and with con-
siderably higher expenditures of power (and increased weight
and bulk) than are likely to be considered feasible, even for
very large aircraft. Six-hundred-watt landing lights, for
example, have peak intennities of about 600,000 candles, but
their beam widths, measured at the points of 10% of peak in-
tensity, are only about l1x12 degrees. Complete coverage
w.th a reasonable distribution of such high intensities in
all directions would require many thousands of watts and
considerable bulk and weight and would present many other
engineering problems such as high temperatures, reduced aero-
dynamic performance resulting from necessary projections, etc.
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It is ciear then that ýIghts cannot be expected to
provide a complete synrtem fer daytime visual effectiveness.
Nevertheless, daylight incl..des visual conditions not
sharply separated from n4ght. It is therefore appropriate
to inquire how far into daylight conditions and under what
particular conditions lights may be useful.

According to the CAR, navigation lights are to be
turned on between the hours of sunset and sunri3e. The
luminance of the sky near the horizon at sunset or sunrise
on clear days is as low as 100 footlamberts. (Koomen, Lock,
Parker, Scolnick, Tousey, & Hulburt, 1952) If clouds are

present, much lower luminances may occur. Furthermore, the
backgrounds against which aircraft may be sighted may be
dark clouds or dark terrain rather than clear sky. The
data of Iholl et al. (1946) suggest that at a background
luminance of 100 footlamberts threshold signal illumination
will be 100 to 1000 times the threshold on a starlit night.
If this is compared with Fig. 3 of the last chapter, it is
evident that with intensities of 100 candles, raising the
threshold by a factor of 100 will result in sighting dis-
tances against 100 footliabert backgrounds of well under
2 miles.

It is evident that navigation lights conforming to

present requirementL !inimum of 100 candles in the horizon-
tal plane for anti-collision lights) give substantially less

than 3-mile visibility under many marginal conditivns in
twilight. Aircraft without antl-collision lights, having
only conventional position lights, are required to presRent
only 5 candles of intensity from 20 to 110 degrees outboard
on each side of the aircraft. Against a dark background, a
signal with an intensity of 5 candles would have a "practi-
cal" visuai range of about 3 miles in a "perfectly clear"
atmosphere, but in an atmosphere with 3-mile visibility, the
range would be only about 1-1/3 miles. Against a background
with a luminance of 100 footlamberts, such a signal would
have a negligible visual range.

With lights that barely meet the present minimum re-
quirements, there is some question whether their intensities
are adequate even to cover the hours from sunset to sunrise.
On the other hand, backgrounds at sunset or sunrise may have
luminances appreciably less than 100 footlamberts, the value
on which the above discussion is based. It may therefore be
reasonable to turn navigation lights on before 3unset (or
keep them on after sunr.!se) to take advantage of the possi-
bility, however small, that some conspicuity may be gained.

It is of value to compare the daytime visibility of the
aircraft with the visibility of the light signal itself. Be-
cause of the many variables in each situation, this comparison
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is complex. A3 indicated earlier, light signals can be
visible in the daytime if their intensity can be made very
high. But only large aircraft could conceivably, provide
power for sufficiently high intensities, and the large air-
craft are already more visible because of their size.

Howell (1958) investigated the visual range of high in-
ten.zity lights in the daytime and of the aircraft carrying
the lights. Three sizes of lights were used, each mounted
in an oscillating fixture so that the signal was a flashing
white light. The lamp power consumptions were 250, 600, and .
900 watts. The effective intensities of these signals are
estimated to be (very approximftely) 15,000, 50,000, and
200,000 candles, respectively.

The 250-watt unit with an estimated effective intensity
of 15,000 candles was seen appreciably less far than the air-
craft itself (a DC-3); the aircraft threshold averaged 17.1
miles and the signal light threshold 8.3 miles.

The 600-watt unit with an estimated effective intsnsity
of 50,000 cindles was seen on the average about as far as
the aircraft itself. The 900-watt unit with an effective
intensity of 200,000 candles w s seen farther away than the
aircraft in each of four runs.

Data such as the above suggest that little is to be
gained from daytime use of lights of practicable intensities.
If the data are examined in detail, however, the suggestion
that lights can be of occasional value in the daytime appears
to have more merit. T'he extreme variability of daytime visi-
bility of the aircraft is poor. If this should occur when
the background is dark, lights may be helpful.

1 Static data "were given in the report for the intensity
distributions of the lights used, but insufficient dat2 about
the oscillatory mechanism to determine the time-intensity dis-
tribution. Furthermore, there is considerable uncertainty in
the value of the constant, a, in the Blondel-Rey equation, for
effective intensity computations appropriate to daylight view-
ing. The estimates of the effective intensities are therefore
very crude and indicate only the order of magnitude.

2 The sighting distances in this series of tests (from 10
to 20 milea) were well in excess of those obtained under normal
operational conditions. Howell (1957) found that sighting cis-
tances in operational situations are 3 times shorter than those
for observers who knew where and when to look and were not dis-
tracted by other duties. Marshall and Fisher (1959) found a
zimilar ratio of sighting ranges for a small aircraft in a ter-
minal area but at very much shorter distances and with a number
of completely missed detections.
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A contrast of an aircraft target against a baci:ground
may be positive, negative, or a mixture of'both. The con-
trast of a light against a background is always positive.

A high negative contrast, as occurs, for example, with
a backlighted aircraft seen against a background of bright
sky, is probably the oommonest mode of seeing aircraft -ar-
gets. A light signal, unless it is overwhelmingly intense,
cannot improve the conspicuity of such an aircraft. (On rare
occasions, it may even noticeably decrease if by effecting
an apparent increase in the luminance of the target aircraft.)
If, however, the background is dark and the contrast is posi-
tive or small, lights of moderately high intensity may im-
prove conspicuity.

Under a heavy overcast, sky luminances as low as 13 foot-
lamberts have been found just before sunset (Hopkinson, 1954).
Middleton (1958) has summarizedthe available data on the
luminance of the sky near the horizon at sunset on an over-
cast day and found it to average about 3 footlamberts. Dark
clouds and some terrestrial backgrounds may often have lumi-
nances in midday of 100 footlamberts or less, and terrestrial
backgrounds near sunrise and sunset may be very dark.

Thus, while lights with the intensities available today
are of little value in the daytime, their occasional useful-
ness under marginal conditions suggests that they be turned
on well before sunset, kept on until well after sunrise, andturned on on all other occasions when there is a possibility

that they may serve a useful function. As higher-intensity
lights become available, usefulness will extend further into
marginal daylight conditions, and rules governing their use
should be correspondingly changed.

The above discussion is based on the probable sighting
F range of lights in daytime or in marginal lighting conditions.

In addition to providing detectability, navigation light sys-
tems serve the function of giving sector-coded aspect infor-
mation, which is of value within sighting ranges. Por example,
in the vicinity of airports, traffic mu~st be kept in sight and
tracked at separation distances cften less than one mile. In
such cases navigation lights may be helpful and should be used
well into marginal daylight conditions.

It is conceivable that the most effective lights for uay-
time use may be different from those used at night. Back-
scatter, for example, which dictates the use of red as th?
color of anti-collision lights, is not a daytime problem.
It may be desirable therefore to usa a white anti-collision
light in the daytime with five times the intensity of presently
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used red anti-collision lights. On the other hand, since
present lights extend sa- little into marginal daylight and
are therefore almost ex•'-usIvely night lights, it may be
preferable to avoid nonstandard lights and use the same system
in the daytime as at night.
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Vii. LIGHTS A1.D BACKGROUNDS

It was shown in Chapter IV that the threshold illumi-
nation of a signal light increases as the luminance of
the background against which it Is seen is increased. When
the background itself consists o:. numbers of small lights,
such as the lights of a city or a starlit sky, an element
of confusion enters, and an otherwise visible signal may
be undetected. Against a starlit sky, where all the back-
ground lights are of a single character, most aircraft
signals are fairly distinctive, especially if they appear
more intense than the stars, and can be distinguished by
their color or flashing characteristic as aircraft lights.
City lights and ground or tower obstruction marker lights
may be extremely diverse in color, intensity, flashing
characteristic, etc., and may be easily confused with air-
crfst lights. If ground lights emit signals similar in
character to aircraft lights (as is the case for example,
with red flashing ground obstruction markers and red flash-
ing anti-collision lights), identification is possible only
by using secondary visual cues such as relative movement.

Under cruising conditions, at intermediate and high
altitudes, it seldom happens that the confusion of aircraft
lights with ground lights is serious, if the intruder air-
craft is near enough to one's own altitude to constitute a
possible collision threat, ground llghts in the background
are likely to be far away and faint. At low altitudes, how-
ever, especially in densely populated areas and terminal
areas, the difficulty of distinguishing aircraft lights may
be very great.

In terminal areas, a pilot may be confronted not only
with the general difficulty of distinguishing aircraft lights
from ground lights, but he may have to do this for several
aircraft at the same time. Once a light has been detected,
any motion against the background of ground lights will dis-
tinguish it as an aircraft light. But under certain relative
speed conditions there may be no motion against the back-
ground, or the motion may be very small.

The general subject of the distinctiveness of lights
against backgrounds of other lights has been investigated,

1 This difficulty is unnecessarily compounded by lack of
standardization. If the number of different signals that
are found on aircraft can be reduced, it will be easier
for a pilot to identify many lights as ground lights.



but not in the context of aircraft operations. The results
are of interest here, but definitive experiments that include
the Important operational factors are yet to be undertaken.

Langmuir and Westendorp (1931) investigated the con-
spiculty of a flashing light against backgrounds of numbersI of steady lights. They found that if the target light was
well separated from them .(3 degrees), the background lights
had little effect on target visibility, even when the back-
ground lights were hundreds of times more intense than the
target. However, when the target light was close to any of
the background lights (0,75 degree) then intense background
lights multiplied detection time by as much as five times.

In two experiments by Crawford (1959, 1960), the effect
of steady and flashing background lights on the detectabil-
ity of a steady or a flashing target light was studied.
The target light was always yellow and the background lights
red and green. It was found that the most conspicuous tar-
get was a flashing light against a background of steady
lights, and the least conspicuous a flashing light against
a background of flashing lights. When various mixtures of
steady and flashing lights were used as background the ad-
vantage of a flashing light over a steady light was lost
when only a very few of the backaground lights flashed.

The experiments described above were done in static
conditions. An experiment carried out under more realistic
conditions is reported in Applied Psychology Corporation
Technical Report No. 13 (1962e). The backgrounds were ac-
tual city lights as seen from a nearby mountain, While
there was no relative motion (the observers and the target
lights were stationary during the observations), the dynamic
character of the lights in the background (moving vehicles,
flashing signs, etc.) was a factor in the test design.
Twelve distinctive parts of the background were used, ranging
from rural unlighted areas to intensely lighted commercial
sections. Red, green, and white signals were used, and they
were flashed either regularly or in a dot-dash code. As
measured by the time it took to discover them the red sig-
nals were found to be more conspicuous than white. Green
signals were intermediate between white and red. No differ-
ence was found between the two modes of flashing the signals.

While experiments such as the above are suggestive they
cannot be considered conclusive. The work of Crawford suggests
that there are not likely to be general conclusions valid for
all signals against all backgrounds.

It is possible, however, to present some tentative gen-
eralizations.
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1. Increased intensity will help distinguish air-
craft lights from backgrounds.

2. Plashing aircraft lights will provide good con-
spiculty except against backgrounds that have a number of
flashing lights, especially when they have characteristics
similar to the signal.

3. The regularity of the flash of aircraft lights,
Swhether pattern coded or not, probably helps distingL•ish

them from background lights that flash erratically or that
flash in regular but markedly different ways.

14. Pattern coding of flashing lights probably does
not add to conspicuity, but should help resolve ambiguity.
For example, an anti-collision light coded with a dot-dashI altitude code can be distinguished readily from a regularly
flashing uncoded tower obstruction light.

5. The most reliable factor that will help identify
an aircraft light is relative motion against the background.
This motion should also help make the light more conspicuous.

I
I
I
f
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VIII. SEARCH TECHNIQUES AND COCKPIT VISIBILITY

Most collisions occur at times when atmospheric eon-
ditions are favorable for visual sighting of aircraft, but,
for one reason or another, the colliding aircraft Is not
detected at all or is detected much too late. Methods for
increasing the conspiculty of aircraft lights have been din-
cussed elsewhere in this report, but many factors within
the cserving pilot's cockpit pr-ofoundly affect the likeli-
hood of detection of a target. These include the pilot's
search habits and technique, and the physical arrangements
of the cockpit itself: the visibility afforded by the
windows,, the quality of the glazing, and the visual environ-
ment.

Marny of these f actors are much the same at night and
during the daytime.. The quality of the glazing, for example,
similarly affects both day and night visibility. Inadequate
window area or structural obstructions in the field of view
limit visibility in the same way both day and night. In
some respects, however, visual processes differ materially,
and this difference has a bearing on search habits and
effectiveness.

It has long been recognized that visibility from the
cockpits of modern aircraft is severely restricted, so much
so that for some collision approaches the pilots of both
aircraft are unable to see the other, regardless of con-
spicuity (Edwards and Howell, 1956; Fisher and Howell, 1957*
Calvert, 1958; Zeller and Burke, 1958; Wulfeck et al., 1958).
Conflicting demands make it impossible to provide sufficient
cockpit visibility to meet the requirements of visual coll-
sion avoidance. It should nevertheless be possible to pro-
vide better visibility than now exists and particularly to
eliminate "double blind" approaches.

In general, there are no "safe" directions of approaches,
although under present conditions it is too much to expect a
pilot being overtaken to detect and be responsible for de-
tecting the overtaking aircraft. Nevertheless, responsi-
bility should be placed on both pilots, requiring that present
visibility limits be expanded not only in the horizontal plane
but vertically as well.

1 A discussion of some aspects of daytime search is con-

tained in Applied Psychology Corporation Final Report No. 1,
The Role of Paint in Mid-Air Collision Prevention (1961b).
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Pilots are expected, when flying VFR, to see and avoid
other aricraft. But they are required to spend much of their
time on other visual tasks. On long flights they are subject
to fatige, which lowers their visual alertness. Furtherore,
a piloers attention is limited to a single direction at a
time, and complete, effective coverage of the field of view
must take tpoe. In thdudngthe maxymm visual effectiveness
tIs lmited to a small region in the center of the visual
field--so much so that most detections are believed to occur
hen the eyes are directed narrowly toward the intruder.
Lamvr, 1960; Middleton, 1958).

The proportian of the eye at excht can differ radicallyfrom the properties during the daytime, affecting both the

effectiveness of search and the kind of search technique
that should be used. Visual capability in the periphery ofthe llght-adapted eye In very poor compared to that of the

fopea vhence the likelihood that daytime detection will take
place n the center of the eyel, When the eye s a dark adapted,
however, renuitevety of the peolpherb to a light slinal is
much hgher than thet of the foreas, except for red l95ht.
It is thus possible, if dark adaptation can be achieved,
that search can be effective through the much lakier peri-
pheral visual field and detection can be made without targetfixation. In this case., much less scarzdmg would be required

for adequate coverkgp, and it would be much loens iely thattargets would be missed (Mertens, 1956).

Unf~ortunately, complete dark sdaptatlon is seldom pos-
sible, Light, both inside and outside the cockpit, pre-
cludes ;his in general. Middleton has stated the ambient
light insude the cockpit Is likely to be so unconductve to

dark adaptation that it is likely that sightings are actually
made foveally at night as well as in the daytime. The so-
called "practical" threshold of signal illumination (see
Chapter IV) is well above the actual limits of visual sensi-
tivity, suggesting that the high sensitivity of the fully
dark-adapted eye is not exploited in operational situations.

Dark adaptation Is a matter of degree. Between complete
dark adaptation and full light adeptation there is a con-
tinuum of intermediate states. In this range, near the dark
end, there are sensitivity advantages to be gained even
though they are not of the large magnitude characterizing
complete dark adaptation. By Judicious control of the am-
bient light in the cockpit (the instrument lights, light
from the cabin, etc.) pilots can often achieve and maintain
a fair degree-of dark adaptation, which can maximize sensi-
tivity generally, and may occasionally result in peripheral
sightings that might otherwise be missed.



Scanning usually consists of a series of eye movements,
preferably covering the field of view systematically. If
the target light is flashing, and no considerable dark adap-
tation has been achieved, trin detection is likely to occur
if the flash takes place while the eyes are fixated in the
neighborhood of the target. If the flash occurs when the
eyes are moving, It is less likely to be seen than if the
eyes are stationary. Measures of the effective intensity
of flashing lights are based on steadily fixated eyes; it
is presumed that the energy from the flash is used to form
an image at a single point on the retina. If because of eye
movement the image is spread along a line on the retina, the
energy density at any point is very much reduced and the sig-
nal correspondingly less visible. If, however, the duration
of the flash is extremely short, the image may be completely
formed in a single retinal location even though the eye is
moving, and the target's visibility might not be reduced.
Mackworth and Kaplan (1962) found just such an effect with a
target illuminated by a condenser discharge light having a
Olash duration of about one microsecond.

Flash durations as short as one microsecond cannot be
obtained in navigation light systems, even with condenser-
discharge light sources, but it is worthwhile to investigate
the possibility that during operational search very fast
flashes of practicable durations may provide greater conspi-
cuity than slower flashes.

The serious liritations on cockpit visibility suggest
that it may be worthwhile to consider the use of rear-view
mirrors or optical scanning devices in order to provide
search capability in otherwise blind directions (Howell,
1958; Fisher, 1957). Optical aids of this type have not
been found fully satisfactory, but even limited capability
would be of value, particularly when a pilot desires to
assure himself that the air is clear in the direction toward
which he wishes to maneuver (Applied Psychology Corporation,
1962g).
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IX. WULEE3-OF-THE-ROAD

Although regulations covering IFR and VFR flight alti-
tudes offer a measure of protection against air collision,
there are many situations in which two aircraft encounter
each other at the same altitude, usually when one or both
are climbing, descending, or turning, or when two VFR air-
craft are on headings within the same east or west half of
the compass. In the latter case their paths may be inter-
secting at any angle from nearly head-on to parallel.

If a pilot is confident that there is no danger of
collision with a sighted aircraft, he need do nothing other
than reaffirm occasionally that his judgment is still cor-
rect. The occasions when a pilot must consider that a
collision possibility cannot be ruled out may be grouped
in two classes:

1. Those in which the fixity of bearing is or might
be a major source of information;

2. Those in which the fixity-of-bearing criterion is
not applicable because one's own aircraft is maneuvering
or the intruder is known or presumed to te maneuvering.

The second class of situations characterizes terminal
areas, and at busy airports may involve several intruder
aircraft at once. In such cases the pilot must anticipate
aircraft movements and attempt well in advance to avoid
any location or course which might lead to collision. When
collisions or near-collisions occur under such c'rcumstances,
there is usually a surprise element due either to failure
to detect an intruder or failure to analyze visual cues
correctly ora in time.

Collision situations in which the fixity-of-bearing
critericn is applicable occur generally under cruise con-
ditions. If the intruder is sighted reasonably early, there
is time, if closing speeds are moderate, to evaluate the
threat and determine what action, if any, is needed. In
principle, it should be possible to devise rules-of-the-road
which, when fixity of bearing is observed, will insure that
a reasonable avoidance action is taken, and that if both
aircraft maneuver the maneuvers will be complementary.

Such rules-of-the-road are of limited value when air-
craft are maneuvering, and the complex nature of the situa-
tion near airports requires a much greater degree of flexi-
bility and improvization than any set of rules could provide.
The question is what rules could best cover general cruising
conditions.
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One such set of rules is incorporated in the CAR,
parc 60, as follows:

* 1. When two aircraft are approaching head-on, or
appeoximately so, each will alter its course to the right.

2. An overtaken aircraft has the right of way, and
the overtakirg aircraft will alter its course to the right.

3. When two aircraft are on crossing courses at ap-
proximately the same altitude, tne aircraft which has the
other on its right will give way so as to keep clear.

An aircraft which has the right of way may ordinarily
maintain its course and speed, but the pilot is not relieved
of his final responsibility for taking action necessary to
avert a collision. An aircraft obliged by the crossing
rulesto "keep out of the way" is expected to avoid the other
without passing above, below, or ahead of him, unless pass-
ing well clear.

These right-of-way rules, identical for day and night
flight, raise a number of problems. There is nothing to
insure that the "responsible" pilot (the one not having the
right of way) will see the aircraft having the right of way,
whose pilot expects to continue his heading and airspeed,
at least until a more critical moment. At what angle does
"approximately head-on" change to "crossing," where the rule
is different? And does "give way" mean to turn, climb, des-
cend, or change speed? What happens when an overtaken air-
craft decides to turn right, and so loses its right of way?

The rules-of-the-road in the CAR were taken from rules-
of-the-road devised for marine navigation. There is some
question whether these rules are adequate even for marine
use. There can be little doubt that the important differ-
qices between air and sea navigation require different rules
for the air (Calvert, 1961).

The time available after sighting for decision and man-
euver in the air is very much less than on the sea. Where
time-to-collision at sea may be measured in minutes, it is
measured in seconds in the air. With so little time, and
with sighting failures not uncommon, every pilot should
have avoidance responsibility at all times, regardless of
"right of way."

Ships at sea can control speed over a wide range, while
aircraft (except helicopters) have only a limited range of
control and cannot drop below a minimum speed which itself
is many times higher than marine cruising speeds.
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Ships at sea can maintain alert watches in all direc-
tions, without difficulty, and generally can ass g-n to watch
duty personnel who have this as their sole functlion. Pilots
may have copilots to share observation duties, but limita-
tions on cock-it visibility and the many other functions
required of pilots (and copilots) limit the amount and the
effectiveness of the attention that can be given to colli-
sion avoidance.

On the other hand, aircraft operate in three dimensions
and so have the important possibility of altitude avoidance.
Altitude maneuvers are often used by pilots to avoid colli-
sion, but the present rules-of-the-road do not take this
maneuver into account.

To design rules-of-the-road unambiguous about pilot
responsibility, insuring complementary maneuvers, and pro-
viding the most effective maneuver for all possible colli-
sion situations, is by no means a simple task.

A complicated set of rules, based on a detailed analysis
of sight bearing, closure speeds, and required magnitude as
well as direction of maneuver, was devised by de Vienna
(1956). When a maneuver is indicated for either or both
aircraft, it is always a right-hand turn, followed by an
equivalent left.-hand turn to get back on course.

Calvert ('1960) devised a set of avoidance maneuvers
which called for combined turn and altitude change maneuvers,
to be used whenever fixity of bearing indicated a possibil-
ity of collision.

One interesting set of rules for avoidance in a hori-
zontal plane, is based on the principle that a pilot maneu-
vers so that the sight line between himself and the intruder,
If the intruder course Is not changed, rotates counterclock-
wise. (The intruder drifts to the left in his field of view.)

This proposal has been analyzed by Hollingdale (1961)
and Calvert (19061). Figure 5 is a course diagram illustrating
the manner in which this system operates. In general, both
aircraft are required to maneuver, and maneuvers consist of
tur:ns, in specified amounts, and speed changes. As designed.,
the system is principally applicable to marine navigation,
and is particularly well suited to ships with navigation
radar equipment. Although based on the simple requirement of
counterclockwise rotation of the sight line, its application
to air navigation is complex and difficult for some approach
directions. The system does not conflict with present rules-
of-the-road in that the aircraft on the right passes ahead of
the other aircraft; the head-on and overtaking rules would be
essentially unchanged.
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To sum up, while no set of rules-of-the-road has yet
been devised that may be considered completely satisfactory
for collision avoidance, it is evident that the present
rules do not take advantage of the possibility of altitude
avoidance, and in most cases they put the burden of res-
ponsibility, at least initially, on only one of two air-
craft involved.
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X. PROCEDURES FOR EVALUATING AIRCRAFT

NAVIGATION LIGHT SYSTEMS

From the time when position lights were first installed
on aircraft until about 1940, little interest was displayed
in critical examination of the adequacy of the system or in
the development of improved systems. Beginning about that
time, efforts were made to improve the basic system by vari-
ous flashing arrangements, by adding lights to the basic
position lights, and by moderate increases in intensity.

During the 19508, interest in improving navigation
light systems increased greatly and was accompanied by the
introduction of manay proposals for new systems, some con-
taining novel features differing radically from ex.sting
systems. There were no guidelines by which these proposals
might be evaluated and no systematic procedures or facili-
ties for dealing with them.

To facilitate experimentation by inventors and operators
who were anxious to test some of the proposals, Special Regu-
lations 361 and, later, 392, were issued, authorizing in-
stallation of nonstandard systems, in limited numbers, for
the express purpose of collecting information from what might
be called "user tests." However, the "experimentation" car-
ried out under this program was haphazard. The reported
results were fragmentary and generally consisted of little
more than opinion polls and testimonials obtained under un-
known and generally doubtful circumstances. Accordingly,
at its last termination date, Jure 25, 1962, SR 392 was not
extended.

Generally, the approach to improving navigation light
systems has suffered from a preoccupation with "hardware."
This has had two unfortunate results. Those proposals accom-
panied by developed equipment received a great deal of atten-
tion, but only in terms of the "package," without serious
effort to separate engineering detail from the eosence of a
proposal. On the other hand, proposals of considerable merit,
not embodied in demonstrable hardware, were largely ignored.

By the middle of the 1950s, more systematic approaches
were undertaken, and there was some criticism of the inade-
quacy of customary experimentation. Wright Air Development
Center contracted for a broad study of exterior lighting
(Laufer, 1955), which resulted in an excellent account of
the relation between collision geometry, required warning
time, light intensity, atmospheric condition, and visibility.

In 1957, the Douglas Aircraft Company issued a report in
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which factors involved in the evaluation of navigation
light systems were analyzed. In a subsequent report (Zied-
man, 1957) these factors were considered further and the
requirements for evaluation procedures were elaborated.

Also in 1957 the Bureau of Aerona'itics contracted for
a systematic evaluation of several navigation light systems,
which resulted in the development of objective test pro-
cedures (Robinson, 1959; Fisher Noffsinger, & Robinson,
1958). Projector (1958b; 1959a) analyzed various factors
characterizing navigation light systems and stressed the
need for dealing with them separately.

In 1958 the Airways Modernization Board contracted for
a study of the status of navigation light systems (Projector
& Robinson, 1958). Sharply critical of the experimental
procedures that had been in general use, this study suggested
very strongly that evaluation procedures, to have value, must
be systematic and objective. The present contract was an
outgrowth of this preliminary study. One of the tasks under
the contract called for the design of a systems evaluation
program having as its goals (a) maximum reliability, (b)
objectivity,,(c) minimum cost, and (d) maximum generality.

To achieve these goals, a large part of the effort has
been directed toward obtaining general information which can
be applied to the evaluation of any system. Another part
has been to develop experimental facilities at the National
Aviation Facilities Experimental Center (NAFEC), in coopera-
tion with NAFEC personnel. These experimental facilities
plus others available at NAFEC could beused in an evaluation
program.

A considerable amount of basic information has been ac-
cumulated, and has already served to provide criteria by
which lighting systems have been evaluated. Such information
is by no means complete, and can never be complete because of
advances in the state-of-the-art, new formulations of re-
search questions requiring new information and so forth.
Ongoing programs should continue to fill major gaps.

Rigidly detailed procedures for evaluating proposals
cannot be established. Each proposal will require indivi-
dUal handling. It is nevertheless possible to set forth
general guidelines which will suggest a rational, step-by-
step program. In a given case, steps may be omitted, or
modified. The objective always should be to use as much
existing information as is applicable, to avoid expensive
or difficult procedures when inexpensive, simple ones will
serve, and to consider all aspects of the problem, including
those (such as regulatory problems) that often escape the
attention of inventors.
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The first step in evaluation is a detailed analysis
of the proposal in terms of the information it conveys,
the light-coding technique used to convey it, and engineer-
ing and economic considerations. These separate elements
are then evaluated in terms of information available. It
is often possible to reject a proposal on the basis of
this analysis, if, for example, it attempts to present in-
formation known to be without value, or if it employs a
light-coding technique known to be subject to excessive
interpretation error, or if its cost is inordinately high.
If the system cannot survive such analysis, no further
evaluation should be done on it.

However, it may be determined that some defects of the
system as proposed are not basic. For example, engineering
defects might be corrected, or a system conveying useful in-
formation with a poor light-coding technique might be accept-
able if a better method of coding were used. In such cases
it may be desirable to proceed with evaluation of the ac-
ceptable parts of the proposal, or to redesign it to make it
more acceptable.

If corroborative information or test data has been sub-
mitted with the proposal, this should be critically examined
as part of the analysis. Test data, in particular, should
be evaluated for objectivity, adequacy of test design, and
reliability of results.

If a proposal survives the analytic screening, it is
then subjected to experimental investigation. This may in-
clude, as needed, photometric and engineering measurements,
visibility tests, or psychological tests. As much as possible,
essential aspects of the system should be examined separately.
It is not possible to specify in advance precisely what tests
will be needed, but generally laboratory, simulator, or field
tests are to be preferred to flight tests. It is not always
possible to avoid flight tests, even for preliminary screen-
ing. In any event, if a proposal survives preliminary screen-
ing, it must ultimately be subjected to extensive flight tests
before it can be considered as a new standard system under
the regulations.

At all stages in the investigation a prime consideration
must be that no system offering only minor or doubtful im-
provement over the standard system passes the screening pro-
cess. The results may be interesting and may add to the fund
of information to be used in subsequent evaluations, but
changes in the regulations which would modify a standard sys-
tem should not be undertaken except for substantial gain.
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XI. NAVIGATION LIGHT SYSTEMS AND THE

CIVIL AIR REGULATIONS

Two apparently contradictory generalizations describe
the present situation:

1. In several respects navigation light systems are
much less effective than has been generally assumed.

2. Navigation light systems can be made much more
effective than they now are.

The technical background on which these generaliza-
tions are based has been summarized above. Technical as-
pects of navigation light systems are inextricably linked
with the CAR, and the effectiveness of light systems often
depends critically on the regulations and how they are ad-
ministered.

The Need for Standardization

The effectiveness with which navigation light systems
provide communication between pilots depends largely on the
speed and accuracy with which their "language" can be read.

Before a pilot takes a new model of an aircraft off
the ground, he becomes thoroughly conversant with Its in-
struments, controls, indicators, warning devices--its in-
ternal communication system. He continues his training
in flight and is tested before he is assumed fully compe-
tent. Pilots require similar training in using navigation
light systems. They must learn to "read" the information
accurately and quickly, and to make correct decisions based
thereon. A pilot sighting a signal constituting part of a
navigation light system on an aircraft need not have been
trained in operating that aircraft, but he ought certainly
to have been trained in using the signals he sees. A pilot
flies his own aircraft with the aid of its internal commun-
ication system, but his navigation lights are part of a
communication system used by other pilots.

In these circumstances standardization is essential.
With high-speed aircraft the time available for making de-
cisions is often insufficient under the most favorable con-
ditions. Under many marginal conditions any loss of time
caused by lack of standardization may decisively determine
the outcome.

Essentially, present navigation light systems, in addi-
tion to indicating the aircraft's presence, are intended to
Identify azimuthal sectors around the aircraft. To provide
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this relatively simple information, a pilot njay be con-
fronted with a great variety of signals and combinations
of signals, including steady red, green, and white lights;
flashing red, green, white, yellow, and bluish-white lights;
alternately flashing red and white, yellow and white, green
and white, red and green lights; bluish-white lights flash-ing at any of three different frequencies.; lights flashedsequentially in rows; and many other arrays and combinations

of lights too numerous and complex to list here. The first
task of a pilot confrontod with a light signal should be to
"Wread" the Information. In the present situation he must

first, ".natead, identify the system to which it belongs.
This is often difficult; it is sometimes impossible, because
the saw signals appear in different systems with different
meanings.

Lack of standardization has superimposed on the pilot's
already difficult task a superfluous task, characterized by
three possible degrees of difficulty:

1. At the very least, he must identify the system to
which the light signal belongs--sometimes easy, but in any
event a task that should not be necessary.

2. The pilot is confused by the need to determine the
system to which a signal belongs. He must know all possible
systems in detail and be able to place the observed signal
unerringly within the correct system. With some signals
this is theoretically possible, but often the diversity of
systems leads to delay, uncertainty, or error.

3. If there is a definite ambiguity, the pilot cannot
resolve It unless and until he gets additional information
from the light system.

Lack of standardization may also make it more difficult
to distinguish aircraft signals from lights on the ground,
many of which are similar to those found on aircraft. This
confusion can be reduced by reducing the number of different
kinds of aircraft light signals.

The first step is to achieve standardization at the
earliest practicable date--meaning that every aircraft shall
have all of the standard system and nothing else. This does
not mean, necessarily, that every aircraft would have an
identical system; different detailed configurations may be
permitted (even called for) on different aircraft. It does
mean that each authorized configuration would be part of an
over-all unambiguous standard, whereby a pilot sighting an
aircraft light signal could interpret it wi'hout hesitation
or uncertainty.
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Heretofore, navigation light systems have been judged
outside the context of standardization. It has not been
appreciated that the virtues of any system, however great
when considered in isolation, are lost or seriously diluted
if such a system is one among several being flown simul-
taneously. The one criterion by which any system ought
to be judged is its suitability as the standard system.

Before taking up the details of a program intended to
achieve and maintain genuine standardization, it is useful
to consider some general aspects, particularly two technical
areas of special importance: the role of intensity as re-
lated to the CAR, and the limitations of visual collision
avoidance with navigation light systems.

Problems and Procedures in Standardization

Once genuine standardization has been achieved, any
subsequent major change in regulations should require con-
verting all aircraft to the new standard. Thus, it would
be ill-a•VTsed to change regulations frequently or for minor
gains incommensurate with the cost of refitting. Promising
new systems should be tested and proved with sufficient
thoroughness that when one does become the standard, there
is reasonable assurance it can remain standard for a number
of years thereafter. It is impossible to guarantee that
greatly improved systems may not be developed or discovered
very soon after a standard is made effective, but it is en-
tirely possible, through painstaking evaluation, to avoid
hasty or inadequately supported changes.

There are special difficulties in requiring standardi-
zation of small, low-powered aircraft, which often have
power plants too small for a complete standard system.
While It is highly undesirable to grant exceptions for this
reason, it may nevertheless be unavoidable. In any event,
the authorized sxception should be a version of the standard,
with similar signals, free of ambiguity.

High-performance aircraft also present difficulties.
Conventional locations for lights are often unavailable, or
else are subject to severe restrictions of weight, size, and
environmental factors. At the high speeds of such aircraft,
the limitations of visual collision avoidance are so great
that is Is unreasonable to impose a difficult lightin. re-
quirement on them. However, they land and take off at mod-
erate speeds, often mixed in with conventional traffic. In
VFR mixed traffic at moderate speeds, the lighting require-
ments should be the same as for other aircraft. Recent engi-
neering advances, including retractable anti-collision lights
and very small high-powered position lights, suggest that
standard navigation light systems for high-performance air-
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craft will be feasible (Godfrey, 1959; Grimes drawingo-8455o).

Aircraft with unusual flight characteristics, such as
helicopters, VTOL's and dirigibles, might require distinc-
tive lighting systems. Any such systems should be standard-
ized and should dovetail with the standard system on con-
ventlonal aircraft.

Once standardization has been achieved, any contemplate
change must be examined for confusions or ambiguities that
might arise during the transition from the existing to the
new standard. It has been the practice to allow relr ,ively
long periods of time between promulgating a regulati.n and
putting it into effect. This transition time probably canno
be avoided, especially with a major change. Ambiguities sucl
as exist today should be allowed only for overwhelmingly co-
gent reasons. In any event, transition periods should be
kept to a minimum. It may be possible to provide relatively
long delays before new regulatlons become effective, but to
confi•e the actual changeover time to a short period just
before the effective date.

Standardizing air traffic internationally would require
cooperation of all national regulatory agencies through the
International Civil Aviation Organization. This aspect of
the problem has not been stressed in this report, because
the diversity of systems within the borders of the United
States is almost entirely domestic in origin. While there
is some diversity in foreign aircraft, virtually every sys-
tem appearing on foreign aircraft also appears on American
aircraft. Ultimately, when the United States is prepared
to attempt genuine standardization, the effort should be co-
ordinated with other countries through ICAO.

Intensity arid the CAR

It was shown In Chapter IV that the navigation light
intensities called for In the CAR are marginal. The mini-
mum requirement of 100 candles for the anti-collision light
in the horizontal plane provides a visual .'ange of about
2-1/2 miles when atmospheric conditions are minimum VFR
(3-mile visibility). The miniomm Intensity of 5 candles
for the wing position lights from 20 to 110 degrees outboard
gives a visual range of only 1-1l miles, based on the "prac-
tical" threshold, and must te considered submarginal. Sub-
stantial increases in intensity for all navigation lights
would be of considerable value.

Since the CAR prescribe only minimm intensities, an
aircraft operator may install equimnZ of much higher in-
tensity without deviating in anr way from the requirements.
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Nevertheless much of the effort toward developing improved
systems has been directed toward higher-intensity systems
not in accord with the regulations, In the mistaken beliefJ Thait this was the only way to obtain higher intensity. As
indicated earlier, any system can be designed for higher
intensity if the deis--ner is willing to pay the price in
terms of increased power consumption. In achieving and
maintaining genuine standardization, it is unnecessary
and undesirable to depart from the standard in order to
increase intensity.

I CAR requirements for the intensity distribution of
position lights at various angles from dead ahead are showni in Table 4. The higher requirement forward is based on the
fact that collision courses in these directions, for any
given aircraft, involve higher closing speeds than those
from other directions. Therefore to provide a given warning
time, sighting ranges must be greater and signal Intensity
must be correspondingly greater forward. Laufer (1955),
analyzing the intensity requirements as related to collision-I course convergence angle and aircraft speeds, obtained re-
sults which suggest that the abrupt drop in required inten-
sity 20 degrees outboard is not Justified.

But the problem is far more complicated. Slow aircraft
may collide with fast aircraft. The required distribution
of intensity around the slower aircraft, for equal warningI time, is much more uniform than for the fast aircraft. In
the limiting case, a hovering helicopter for example, the
intensity requirement should be uniform in all directions.I In the case of a fast aircraft in a collision situation
with a slow aircraft, no rearward intensity is required
since the slow aircraft cannot overtake the fast one. De-
pending on the speed ratio, the zero-intensity zone mayS extend well into the forward hemisphere; the required in-
tensity ratio under these circumstances Is infinite. Fi.
nally, at very high aircraft speeds, visual collision avoid-I ance may be difficult or impossible, or the signal intensi-
ties required may be far beyond practicability.

The Implications of the above for the CAR will be
treated In detail later. Two general conclusions may be
stated:

1 1. Intensities should be generally increased.

2. Position light Intensities, especially in the zone
from 200 to 1100, should be increased substantially.

Limitations of Visual Collision Avoidance

A number of factors limit the usefulness of efforts to
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Table 4

CAR Minimum Intensity Requirements for

Position Lights

Angle, Light Minimum intensity,
left or riht candles

00 to 100 wing position,

left red, right green 40

100 to 200 30

200 to 1100 " 5

ii0 to 1800 tail, white 20

I I I i !



avoid collision by visual techniques. In desigring light
systems and irn drafting regulations prescribing standard
systems, it is essential to understand precisely what a
system can and cannot do. In some cases, the limitations
are inherent and not subject to control. In other cases
improvements are possible, through more effective use of
existing or readily available equipment and procedures.

It has been suggested that the limitations of visual
avoidance are so great that it must be considered seriously
inadequate or, often, not possible at all (Emerson et al.,
1956; Calvert, 1958; Fiore, 1959). It is felt that such
positions are In some respects extreme. The limitations
of visual avoidance are indeed serious, but to a considerable
extent, improvement is feasible. In any event, visual
methods are still required and will be used for a long time;
the problem is to maximize their efficacy and recognize and
define the limitations.

Cockpit visibility. Most cockpits lack sufficient visl-
bility. Pilots are "'lind" in many directions and can see
in some other directions only with a degree of strain (Ed-
wards & Howell, 1956; Fisher & Howell, 1957). Visibility
is particularly poor rearward and is often severely re-
stricted vertically. In some cases climbing or descending
overtaking courses involve visibility angles blind to the
pilots of both aircraft. It is not surprising therefore
that the p-eponderance of accidents involve overtaking or
rear-approach situations in spite of the fact that closing
speeds are much slower for such courses (Fisher & Howell,
1957). It is not suggested that these are the only reasons
for the high incidence of overtaking collisions. Rules-of-
the-road and traffic management result in relatively uni-
directional traffic in high density locations, thus pro-
viding many more opportunities for overtaking collisions.
The combination of high opportunity rates with serious im-
pediments to adequate vision probably account for the pre-
ponderance of this class of collisions.

It is possible that rear-view mirrors or other optical
devices may help to provide visibility in the otherwise
blind directions (Fisher, 1957; Howell, 1958). These are
of limited usefulness and require extra attention on the
part of the crew member who uses them. Nevertheless since
more time is generally available and required ranges are
therefore shorter for such collision approaches, even limited
advantage gained from such devices may be helpful.

The quality of the glazing itself may have an important
effect on visibility. Windshields of extremely low pitch,
as on high performance aircraft, have low transmissions and
consequently seriously reduce visibility. At a pitch angle



20 degrees from horizontal, for example, the transmission
of double glazing is about 45% (Fiore, 1959).

Pilct attentiveness. Collision threats may occur in
VFR hlight at any time and from any direction. Therefore,
a pilot can use visual collision-avoidance techniques only
to the extent that he is able and willing to pay constant
attention. But the workload of pilots is so severe that
they are often too distracted to be able to search regularly
and effectively. In the neighborhood of airports, where
traffic density is heaviest and collision likelihood greatest,
workloads are particularly heavy. Marshall and Fisher (1959),
In an experiment on the daytime conspiculty of small aircraft
in a terminal area, found that pilots often failed entirely
to notice small aircraft on a collision course. When they
did detect the intruder aircraft, they often failed to note
that it was on a collision course and thus took no evasive
action. The pilot subjects in this test had been instructed
to watch for and avoid local traffic, but were not aware that
their ability to do so was the subject of interest in the test.
While the small target aircraft were by no means very easy to
see--more often than not they were detected at short but rela-
tively safe ranges and were avoided by effective maneuvers--
the number of occasions when they were not detected or not
recognized as threats suggested very strongly that pilot dis-
traction interferes seriousli with collision-avoidance duties
or that many pilots need to allot more time and attention to
possible collision threats.

The obverse of the problem presented by the heavy work
load of pilots is that resulting from inattentiveness during
times when conditions are "too" favorable. It has been sug-
gested that good weather, comfortable physical environment,
and the monotony of long, uneventful cruising can seriously
diminish a pilot's attentiveness to his tasks and his ability
to detect and respond correctly to unexpected and infrequent
stimuli (Trumbull, 1962).

Measured in terms of the probability that any aircraft
will be involved in a collision at any time, the riak is ex-
tremely low, even in high-density areas. But the consequences
of collisions are often disastrous. A pilot flying VFR is
presumed to be capable of avoiding collisions by visual tech-
niques, and he is responsible for doing so. But to the extent
that a pilot does not watch alertly for other aircraft., he
cannot be considered effectively under VFR, no matter what his
technical status.

The difficulties of collision avoidance, especially in
the presence of high-speed aircraft, require that the pilots
of both aircraft be responsible for avoidance. It can be of
little aolace to a pilot involved in a collision that he had



the right of way. The entire concept cf right of way,
derived from marine traffic rules, is antiquated even for
the environment for which it was formulated. In the com-
plex, high-speed environment of air traffic, it can be
dangerous. It is the obligation of ever pilot, whether
he himself is flying VFR or under tra--T I control, to
utilize his visual capability at all times that atmospheric
conditions perwUtt.

Sector information. Azimuthal sector, or aspect, In-
formation is coded nt-to all systems currently in use or pro-
posed. Although it has not been specified in what way, it
has generally been taken for granted that pilots could use
such information to determine whether a collision course
exists. Analysis has shown, however, that pilots can make
such determinations only crudely, even if extremely precise
sector information were coded into the system (Calvert, 1958;
Applied Psychology Corporation, 1961a). Marshall and Fisher
(1959) found that pilots were unable to use aspect information
to determine the existence of a collision course. Although
they speculated that this inability may have been due to the
small size of their target aircraft, it seems much more likely
that aspect information is inadequate for the purpose.

Although sector information cannot be used for precisely
determining collision hazard, it can serve to segregate air-
craft into those with which it is impossible to collide and
those which will require further attention. And especially
in terminal areas where pilots must keep track of a number
of aircraft, it can be helpful In anticipating their probable
future locations.

Sector information also permitts segregation of collision
possibilities into categories of urgency, but again very
crudely.

To facilitate these rough screenings, sector-coded aye-
tems should be quadrantal, distinguishing left from right
and forward from rear aspects. The screening rules to be
used with quadrantal sector coding are:

1. If to your right you see the intruder's right, or
to your left, his left, no collision impends.

2. If to your rear you see his rear, no collision
impends.

If the possibility of collision cannot be ruled out by
the above rules, then the urgency of the situation may be
classified as follows:

1. If in your forward hemisphere you see his forward



aspect, the situation Is likely to be urgent,

I 2. If to ycur rear you iee nis forward aspect, or If
forward you see his rearward aspect, the situation Is likely
to be less urgent.

Obviously these Judgments can be refined by feeding into
the problem the precise bearing, relative to one's own air-
craft, on which the intruder is sighted, and the knowledge
of one's own aircraft speed.

It may appear that categories could be further refined
by coding more finely divided sector information into the
system. However, the results of the analysis show (a) it is
difficult to use precise sector Inflormuation, (b) codes giving
more information grow increasingly complex, (c) other informa-
tion better suited to the purpose Is available$ and (d) other
kinds of coded information might be more useful. These con-
siderations suggest that quadrantal information is optimal
for sector coding.

Use of the fixity-of-bearing criterion. Limitations
on the-use or the rixity-or-Dearing criterion were discussed
in Chapter II. They are:

1. The criterion is valid only %hen both aircraft are
on straight-line, constant-speed courses. A pilot knows
whether his own course meets this requirement but often is
uncertain about the intruder's course.

2. There is no experimental data on the ability of
pilots to detect movement of the sight bearing. Laboratory
experiments show that observers can detect relatively small
signal movement, of the order of I minute of arc per second
(Leib:witz, 1955). In an operational situation, detection
threstiolds are undoubtedly very much higher, principally due
to tbe Instability of the piloL observer's frame of reference.
Calvect (1958) has estimated thresholds to be about 0.4 de-
gree of arc per second, but this must be verified experi-
mentally. The operative threshold profoundly affects the
ability of a pilot to use the fixity criterion successfully
(Applied !',jc nology Corporation, 1961a).

3. Because of uncertainties due to the difficulty of
precise determination of fixity, the fixity-of-bearing cri-
terion Is probably of limited value at longer ranges or at
high closing speeds.

4. Flashing signals adversely affect the precise de-
termination of the existence of fixity.

In spite of the above limitations, the fixity-of-bearing



criterion is one of the principal avoidance techniques
available with navigation light systems, and pilots should
make full use of it, while at the same time recognizing its
limitations.

High-speed aircraft. High-speed aircraft impose serious
limitations on visual collision avoidance. At high speeds,
aircraft are slow to respond to maneuver control, and the
marmvezm themselves are slow relative to the speeds. For
many collision convergence angles, closing speeds are so
high, even when one aircraft is much'slower than the other,
that the possibility of successful visual avoidance is
limited. If both aircraft are high speed, closing speeds
may be so high that the small possibility disappears alto-
gether, and the outcome of a potential collision situation
may be beyond the pilot's control. The closing speed of two
aircraft on a collision course depends so critically on the
convergence angle that visual collision avoidance cannot be
said categorically to be impossible with high-speed aircraft,
although it may be impossible under certain conditions.

A number of factors operate in favor of visual collision
avoidance, even for high-speed aircraft. If certain alti-
tudes are reserved for traffic in one general direction, the
range of possible closing speeds is held down to more manage-
able levels. (On the other hand, overtaking approaches are
particularly difficult from the point of view of cockpit
visibility.) At lower altitudes, especially in terminal
areas, high-speed aircraft are generally operated at rela-
tively low speeds. A pilot usually knows little or nothing
about other aircraft in his vicinity, but his knowledge of
his own aircraft may serve to lessen his problem. If his
is a very high-speed aircraft he may sometimes be assured
that no aircraft will overtake him, but that he could easily
overtake others. If his own aircraft is very slow, he must
expect trouble from any direction.

The limits of VFR. Part 60 of the CAR, Section 60.30,
gives vM, minimum weather conditions as shown in Table 5.
Flight visibility is defined in Part 60 as "the average
horizontal distance that prominent objects may be seen from
the cockpit." In the recently issued Federal Aviation Regu-
lations, Part 1 (1962), this definition was revised to "the
average forward horizontal distance, from the cockpit of an
aircraft in flight, at which nrominent unlighted objects may
be seen and identified by day and prominent lighted objects
may be seen and identified by night."

The revised definition provides for nighttime observa-
tions of lights, but the original operational difficulties
of the daytime definition are substantially unaffected. Also,
the addition intended to cover night operations is exceedingly
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Table 5

Minimum Flight Visibilities

Area Flight Visibility

Control zone 3 miles

Control area and transition
area 3 miles

Continental control area 5 miles

Outside controlled airspace 1 mile



vague. It has been shown that the actual visual ranges of
aircraft in the daytime are less than the "flight visibility,"
and often very much less (Applied Psychology Corporation,
1961b). The designation of 'prominent lighted objects" as
targets for observation of flight visibility at night is
inexact, since the principal determinants of visual range
are the intensity of the lights and the background against
which they are seen; prominence of the object is irrelevant.

Even if the definition were precise, it is difficult
to assess atmospheric conditions to determine their suit-
ability for VFR operation. Atmospheric conditions vary
considerably from time to time and from place to place.
Ground observations are of particularly limited use in de-
termining flight visibility (Douglas, 1953). Direct esti-
mate of flight visibility by pilots in flight is difficult
because of the genee'al lack of "prominent objects" at known
distances. At night, it is even more difficult.

It is possible to train pilots to improve their esti-
mates of flight visibility from the meager cues sometimes
available, including the amount of backscatter from their
own lights, but at best such estimates must be considered
crude.

A note in the CAR Manual, part 60, sect. 60.30, sug-
gests that the prescribed minimums be treated ý.onserva ively
by pilots: "Good operating practice requires that regular or
continued flight in near-minimum weather conditions be a-
voided." It may be desirable to call for even more conserva-
tism. Figures 3 and 4 in Chapter V suggest that when the
equivalent daytime visibility is 3 miles, a 100-candle
light signal will be visible Just under 3 miles at night.
But for an equivalent daytime visibility of 5 miles (the
minimum for the continental control area) the visual range
of the light will be less than 4 miles. Furthermore, if
the background is relatively bright (moonlit sky or dusk)
the visual range will be appreciably reduced. However, if
signal intensity is raised to 1000 candles, then the visual
range of the lights will correspond well with daylight visi-
bility, even if the observing conditions are not ideal.

The limitations of visual collision avoidance suggest
the advisability of raising VFR minimums above their present
levels, in order to insure longer sighting ranges and there-
fore more decision time. It may also be advisable to specify
more particularly the limiting conditions of VFR, not only
as related to atmospheric conditions but also to the speed of
the aircraft, the range of possible closing speeds as deter-
mined by air traffic rules, and the intensity of the naviga-
tion lights carried. While this may seem excessively complex,
the limitations of collision avoidance are correspondingly
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complex; the alternative is extreme conservatism, elimi.
nating a large range of relatively safe conditions in order
to eliminate rare risks, or else exposure of aircraft to
occasional situations in which visual collision avoidance
is not possible.

A convenient and more conservative demarcation between
VPR and non-VPR atmospheres might be the boundary between
"light haze" and "clear" (see Pig. 4, Chapter V). At this
boundary the transmissivity is 0.53/mile and the daytime
visual range is about 6 miles. The visual range of a 1000.
candle signal light is slightly greater than 6 miles. if
the assumptions about the fixity-of-bearing criterion made
In Applied Psychology Corporation Technical ieport No. 1
(1961a) (that is, threshold detection angle a 20 and escape
acceleration w 1/4 g) this sighting range is probably ade-
quate for lower ranges of probable closing speeds, not in
excess of about 400 or 500 miles an hour, but even this must
be considered marginal. It Is likely to be practicable under
favorable conditions, If head-on convergences can be elimi-
nated by traffic rules.
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XII. rOSSIBLE CHANGES IN THE CIVIL AIR REGULATIONS

The following discussion assumes that effective and
genuine standardization will be the first objective of any
change in the CAR. The formidable problems involved often
make it difficult, even impossible to effect changes of un-
questioned value. These problems will be considered and
changes in the rules which can achieve fundamental objectives
with minimum Impact on the aviation community will be out-
lined.

Three phases are considered:

Phase I---Regulatory action to achieve genuine standard-
ization under preseiit conditions.

Phase II--Improvements on the standard system achieved
in Phase I, calculated to obtain optimum performance within
the basic intent of the design.

Phase III--More or less radical major or long-range im-
provements in the standard system, having substantial impact.
This long-range program should lead to regulatory changes
only if the improvements are proved in careful, extended
evaluation, and are commensurate with the uost and other
considerations.

Phase I should be instituted with minimum delay. The
timetable for Phases II and III should be flexible. Phase
II, depending on considerations discussed below and un the
time required to effect Phase I, may be combined with Phase
I in order to avoid a change in the regulations too soon
after the completion of Phase I.

Phase I: Regulatory Action to Achieve
Genuine Standardization

All navigation light systems being flown today provide
sector-coded information. To achieve genuine standardization
without scrapping all present systems, it is necessary to
examine each for adequacy and to consider which (or which
elements) would constitute the basis for a regulated stand-
ard system meeting the following criteria: (a) provides
adequate sector information, (b) requires little or no de-
velopment involving extended evaluation of doubtful outcome,
(c) has minimum impact on the aviation community, (d) in
terms of available equipment, sacrifices no important attri-
butes such as intensity or reliability, (e) permits smoothest
and fastest transition.
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The system that comes closest zo satisfying these re-
quirements is apparently the one prescribed by the present
CAR: steady-bu'ning red, green, and white position lights
and one or more flashing red anti-collision lights.

Anti-collision lights are ovnidirectional: equally
visible In all azimuthal directions. The angular coverage
of the position lights Is as follows:

red wingtip: 00 to 1100 left
green wingtip: 00 to 1100 right
white tail: 1100 left around the rear to 1100 right

This 3-sector system does not provide optimal quadrantal
sector coding, since the white light in the rear does not dis-
tingulsh left from right. Also, the sector boundaries abeam
are at 1100 instead of 900.

However, no system now in use provides better sector
information. Some use additional lights, as on the fuselage,
providing an array that may enable pilots to interpret sec-
toring more precisely or even to distinguish left from right
to the rear, but array codes, as noted earlier, we confusing
and unreliable.

Since the system has been in use for several years,
many, perhaps most, aircraft already have it; thus, no de-
velopment is needed. For similar reasons, the i.act on
the aviation community would be less than for any acceptable
alternative. Large numbers of aircraft already fly the sys-
tem; many others would require only minor changes, such as
disconnecting excess lights or bypassing flashers.

Two major groups of aircraft might require changes of
some consequence: the small number carrying nonconforming
equipment which would have to be replaced entirely; and
the aircraft having position lights but no anti-collision
lights, this latter group including many small, private
aircraft. The cost of one or In some cases two anti-colli-
sion lights might seem large to these owners. More impor-
tant, the limited power capacity of these small aircraft
would prohibit adding more electrical equipment. For genu-
ine hardship cases solutions might have to be worked out,
but no acceptable alternative would involve less hardship.

Table 6 compares approximate costs of some of the sys-
teus and components of interest (only the equipment cost Is
given; installation costs van• considerably).

As for the requirement that no important attributes of
current systems be sacrificed (in other words, that the
standard not represent a step backward), the prese:st system
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Table 6

Approximate Costs of Navigation

Light System Equipment

Proposed Standard System

j Position lights (three required) $ 15 each

Anti-collision light (one or two $ 100 each
j required)

Cost of complete system $ 150-250

I United Air Lines*

Oscillating position lights (three
required) $ 375 each

Cost of c~mplete system $ 1100

I Honeywell-Atkins
Over

Two wingtip units $ 2000
(Exact costs are difficult to esti-
mate. Designs and prices have
varied considerably.
This estimate is based on a May 1961
quotation of ?2350).

I Since this report was prepared, a version of the UAL
system has been developed for small aircraft. It Is under-I stood that this lighting system will be in a cost category
comparable to that of the proposed standard system.
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Is an acceptable minimum. An alternative that appears to
satisfy most of the requirements consists of position lights
without anti-collision lights; this is simpler and cheaper
than the proposed system, and is already Installed on aneven larger number of aircraft, but is unacceptable for
the following reasons:

1. It would substantially reduce intensity when pres-
ent minimums appear to be too low. Anti-collision lights
are generally more intense than position lights in all direc-
tions, and considerably more intense in most.

2. If the position lights were burned steadily, then
the conspicuity advantage of flashing lights would be lost.
On the other hand, if they were flashed, there would be no
steady lights, reducing the effectiveness of the fixity-of-
bearing criterion. In the proposed system, the flashing
anti-collision light provides the most conspicuous warning
of aircraft presence at long range, and the steady position
lights are useful as targets for observing bearing fixity
at shorter range.

3. The simple position-light system could conceivably
be modified to meet the above objectives by using higher-
intensity fixtures and pulsating the lights, rather than
flashing them with a completely dark ofd period. By this
arrangement, they would appear to flash at long range but
would pulsate at shorter range without going out entirely.
But such modification would require replacing equipment on
almost all aircraft, thereby imposing a heavy burden on
virtually the entire aviation community.

The present system meets very well the fifth require-
ment, enabling a fast, smooth transition. Since burdensome
changes are required In relatively few cases, the transition
period could be very short. The time required to draft and
circulate regulatory proposals, to prepare, submit, and
analyze comments, and to hold conferences need not be pro-
longed by considerations of excessive, burdensome change-
overs by the entire aviation community.

Because all pilots are already familiar with the system,
no retraining is involved.

It has been suggested that anti-collision lights should
be white rather than red. Simple and inexpensive replacement
of the red cover glass with a clear cover would yield a white
signal with 4 to 5 times the intensity of the red signal. On
the face of it, the suggestion appears attractive. It is not
recommended at present, however, for the following reasons:

1. Ant.ý-colllslon lights are mounted behind the cockpit



and project their beams forward directly in front of the
pilot. Backscatter, plus occasional direct Illumination of
aircraft structures in the pilot's view, can be a serious
problem. While the effect of backscatter on pilots is not
fully understood, it has been found that red backscatter is
substantially less bothersome than white, especially in mar-
ginal atmospheric conditions. This is explained partly by
the much lower sensitivity to red light In the periphery of
the eye. While this means that an observing pilot will see
the white signal better than the red in the periphery of
his eyes, it has been found that the visibility of red sig-
nals in the center of the eye is significantly better than
indicated by photometric measurements (on which the 4 to 5
times increase in intensity of white over red is based)
(Middleton & Gottfried, 1957; Mullis & Projector, 1958).
Furthermore, it Is seriously questioned that signals are
sighted In the periphery of the eye under operational condi-
tions (see Chapter IV). These effects are far too complex
and insufficiently well understood to warrant a change to
white at this time.

2. The higher intensities being recomended would
magnify the deleterious side effects mentioned above.

3. Because It is simple and inexpensive, the change to
white could be made at any future time; thus there is no
reason to consider it until its desirability is well esta-
blished.

To require general increases in intensity as part of
Phase I would mean replacing the navigation lights on vir-
tually every aircraft. Also, serious problems of installa-
tion, wiring, and power might Jeopardize the standardization
program, and would certainly delay it. Standardization is
so greatly needed, and its accomplishment so relatively
easy, that it is felt desirable to proceed immediately.
However, the need for higher intensity need not be ignored;
it can be strongly recommended without being required.

While the CAR prescribe minimum intensities, higher
Intensities with the standard configuration would In no way
violate the regulations, nor depart rrom genuine standardi-
zation. Equipment providing substantially higher intensi-
ties Is already available or in an advanced stage of develop-
ment. Some high intensity equipment not In accord with the
proposed standard is already in use. In changing to the new
standard, there is every reason why operators of aircraft
with nonstandard high intensity lights should use equip.r-t
which will result in no loss of intensity.

In order to facilitate immediate standardization, it
may be inexpedient to require increased intensity at this
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time. However, it may be feasible to require all new equip-

went to meet higher Intensity requirements, especiaT~y for
transport and other large aircraft. The option of ope.iators
to equip their aircraft with higher-intensity lights in the
interest of increased safety already exists and would re-
main available after standardization.

The cost figures quoted above are for units conforming
to present intensity requirements. Obviously, higher-inten-
sity versions of this equipment will cost more, but there
is no reason to believe their cost would be as great as
that of other presently available high-intensity equipment.

Phase II: Regulatory Action To Improve The
Phase I Standard System"

The objective of Phase I was narrowly limited to the
essential requirement of achieving genuine standardization
at the es-liest practicable date. Because it is felt that
this could be done without the necessity of developing new
equipment, of extended evaluation, or of serious impact or
delay, it has been felt desirable to consider imyrovements
in the Phase I system as part of a second phase. Three
possible regulatory actions are considered: (a) dividing
the symmetrical white tail sector into two arts, in order
to distinguish left and right to the rear; fb) increasing
minimum-intensity requirements; and (c) changing traffic
rules and minimum conditions for VFR in order to increase
available warning time in possible collision situations.

Convertin the Standard 3-Sector to a 4-Sector QuadrantalSystem "-

The major defect of the present 3-sector system is that
it does not distinguish left from right in the rear. Also,
while the two forward sectors are 1100, a quadrantal system

1 It is not meant thereby to rule out the possibility that
part or all of Phase II might be combined with Phase I in a
single regulatory action. Only the regulatory agency itself
can decide questions like these, and many factors other than
those considered here may underlie decisions. Furthermore.
the basis for decisions changes in time, depending on the
state-of-the-art, the availability of information, the re-
ceptiveness of the aviation community, etc. Thus Phases I
and II are separated here because they do seem to involve
different elements or elements of differing importance. At
the time of making decisions about regulatory action, these
factors may be weighed differently than they are now.



with sharply distinguished 900 sectors is considered pre-
ferable. It is important, therefore, to change the present
system to make it more nearly quadrantal. If has been shown,
however, that a sector-coded system is not and cannot be a
precision device In visual collision avoidance. Its major
function is to enable a pilot to avoid potentially dangerous
situations, Once he is in such a situation, sector coding
Is of little or no use in determining the existence of a
collision course or deciding what avoidance maneuvers will
be am t effective. In short, while the usefulness of quad-
rantal sector coding makes it worthwhile, the limitations
on its usefulness make It desirable to pay special attention
to the cost and impact of methods of obtaining it.

The essential change proposed is replacing the 140-
degree white taillight with a light or lights covering two' 90-degree quadrants to the rear, the left yellow and the
right bluish white. To minimize the impact, it is proposed
not to require a change in wingtip position lights until
they are being changed for other reasons (for example, to
increase intensity), at whicb time their coverage could simul-
taneously be changed to 90 degrees quadrantal.

Substituting bluish white and yellow for the white sig-nal raises problems, the most important of which is the speci-fication limits for these colors.

j In all signal color systems, including the 3-color sys-
tem of the CAR, an effort is made to permit as much tolerance
for the colors as is consonant with easy and accurate identi-
fication. There are two major reasons for this: it is dif-
ficult to manufacture colored glassware to narrow tolerances,
and it is desirable to obtain glassware of as high a trans-
mission as possible. For many colors, notably red and green,
high color purity is obtained at the expense of very low
transmission. In view of the need for high-intensity signals,
the requirement for high transmission makes it especially
desirable to determine tolerances carefully.

For the conventional 3-color system acceptable toler-T ances, worked out over the years, are described in Federal
Standard No. 3 as the "Aviation" series of colors. Trans-
missions for good red and green filters in this series are
of the order of 20-25%. White, of course, is obtained with
clear glassware. This system is considered acceptable as a
3-color system; it Is not intended that Aviation Red and
Aviation Green be used in conjunction with more than one
other color intervening In the range of yellow to bluTlM
white. Another system is described which Is suitable as a
four-color system. This system, the "Identification" series,
includes red, green, yellow, and "lunar white" (a bluish
white), but calls for much purer reds and greens to make
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room fir yellows and bluish whites of fairly wide toler-
ances. Identification Red and Green glasses have trans-
missions approximately half the transmissions of Aviation
Red and Green.

It would be possible to change the glass covers of
Aviation Red and Green wingtip position lights to Identi-
fication Red and Green. This would requtre changing every
piece of equipment now in use, but the cost would be rela-
tively small per unit. More Important, however, would be
the reduced intensity, a penalty that would be paid with
existing equipment as well as new higher-intenslty equipment.

If the red and green in the proposed system are in the
Aviation series, then there is no existing specification for
yellow and bluish white suitable for making up a reliable

r-color system. It is felt that satisfactory tolerances
could be specified for these two colors. These tolerances
would be appreciably narrower than existing ones, but if
carefully determined would be broad enough for reasonable
manufacturing. Fortunately, both the yellow and bluish
white color limits could be met with glassware of relatively
high transmission, of the order of 30-50%.

To sum up, it is felt practicable to add a yellow and
a bluish white to the existing red and green Aviation colors
to make a 4-color sector-coded system, but color tolerances
for these new colors would be different from existing color
tolerances for any similar colors. Careful experimentation
would be required to determine specification limits for
glassware in the new colors to insure a proper balance be-
tween adequate color distinctiveness and manufacturing capa-
bility.

Another problem with the four-color system is ambiguity
in the overlap regions between sectors. (This problem exists
at present in the 3-sector system, but would be more serious
to the rear in the proposed quadrantal system.)

The overlap dead ahead is not serious. The location of
the wingtip position lights at the extremities of the wings
means that at almost any distance of observation the two
signals, red and green, are seen as separate signals. Not
only is there no merging, but the visibility of the two
separate signals at and near dead ahead identifies the aspect
of the sighted aircraft quite precisely.

Blue and purple are other available signal colors, but
are not considered suitable for long-range signaling systems
like those under consideration here.
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Abeam, there is :reater possibility of confusion, de-
pending on the relative location of the wingtip and tall
on any given aircraft and on the distance from the observer.
If we take one minute of angle as the minimum separation
at which two light signals can be identified as separate
(Moon, 1936, p. 423), then if, in a given sighting direc-
tion, the lateral separation of a wing and tail light is
10 feet, they will appear as a single light source beyond
about 7 miles. In an operational situation, It is doubtful
if the eye can resolve two sources as close as one minute of
angle, and it is quite unlikely that their separate colors
can be Identified. But lateral separation Is often appre-
ciably greater than 10 feet, and 7 miles, in terms of the

j usual visual range with present equipment under marginal
. conditions, is a considerable distance. It is true that

in the clearest weather or with high-intensity lights long
sighting ranges can be obtained, but it is likely that under

* most circumstances wing and tall lights will be separable.

When merged, two position light signals are seen as one
j because the color of the signal is the additive combination

of the separate colors. In the case of the present 3-color
system, the overlap zone at 1100 on the left would appear to
shade from red to white through orange and yellow or pink.
On the right side, the overlap would shade from green to
white through greenish white. In the proposed four-color
system the overlap zone on the left would shade from yellow
through orange to red. There would be no doubt of its being
the left side. If the present wingtip coverage Is retaieed,
the overlap zone would extend 20 degrees from 90' to 110
(plus the cutoff regions). If the two signals are separable,
then the observer can tell that he is in the 20-degree over-
lap zone. If the wingtip units are replaced with 90-degree
"quadrantal units, then the overlap zones are much smaller,
as they are at other zone boundaries, their size depending
on the sharpness and precision of the cutoffs of the light
units involved. The boundary relationships on the right
side would be similar except that the color shading would
range from bluish white through greenish white and pale green
to green.

1 The merging of light signals Is a problem more fre-

quently between an anti-collision light and any position
light. The clarity of separate signals is always subject
to degradation when merging occurs, but the flashing charac-
teristic of the anti-collision light offers some help in
providing a distinction against a steady-burning position
light.



The most troublesome boundary would be that at the
rear. Here the light signals originate from a single unit
or from two units very close together. Merging would occur
at all meaningful observation distances and the colors would
range from yellow through white to bluish white. To mini-
mize ambiguity, the overlap zones would have to be as small
as possible. Ingenious but somewhat complicated techniques
for resolving the overlap zone ambiguity in the rear have
been proposed, but would have to be evaluated carefully be-
fore being considered as ready for application. In any
event an ambiguous overlap zone of as little as one or two
degrees to the rear is a considerable improvement over the
present ambiguous coverage of 140 degrees.

The ability of pilots with second- or third-class medi-
cal certificates to distinguish the four colors of the pro-
posed system will require Investigation. Holders of these
certificates are now required to distinguish Aviation Red,
Oreen, and White. It may be that a few pilots with color
vision defects sufficiently minor to enable them to pass the
present requirement would have difficulty with the 4-color
system.

Transition to a 4-sector system would not present seri-
ous problems. The forward sectors would remain essentially
unchanged. There would be ambiguity between the white of
the present system and the bluish white and yellow of the
new system, and a pilot would have to consider his ability
to distinguish among these three colors as unreliable. Oc-
casionally, especially If he-could observe two or three of
the colors simultaneously or in rapid succession, his capac-
ity to identify an observed signal color might be substantially
better than normal, but conservative practice would require
that he consider the distinction unreliable until he can be
sure that the transition is complete and that his choice lies
only between yellow and bluish white. During the transition,
therefore, quadrantal rear sectors would be of uncertain
value--but the pilot would be no worse off than he is now.

Increasinr the Minimum-Intensity Requirements

Since most presently available equipment meets but does
not substantially excaed present requirements, any significant
increase In requirements would mean replacing virtually all
present equipment.

If the Phase I recommendation of higher-intensity equip-
ment has been accepted, the impact of a mandatory requirement
would be lessened. It Is unlikely, however, that many air-
craft would be equipped with higher-intensity lights as the
result of a recommendation. In view of the hardship involved,
regulations might recognize four categories for transition:
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1. On new aircraft, the higher requirements could be
imposed early and completely.

2. If equipment is being replaced for other reasons
(for example, replacing the taillight with a two-color light),
the intensity requirement could be raised at the same time.

3. Aircraft might be categorized by class of operation,
for example, transport and commercial.

4&. For small private aircraft the expense of replace-
ment might be compounded by inadequate power. For such air-craft it might be necessary to impose lses stringent require-

tments.

The present CAR call for minimum intensities for position
lights in the horizontal plane (azimuth), as shown in Table 7.
Above and below horizontal, the minimums shown in Table 8 are
required. To provide reasonable cutoffs in overlap zones,
maximum allowable intensities in zones cutaide the intended
coverage zone for a given position are specified, as shown
in Table 9.

Anti-collision lights are required to nave uniform in-
tensity at all azimuthal angles, with minimums for various
angles of elevation as shown in Table 10.

Because of the complexity of collision situations and
the extraordinary gamut of conditions that may be encountered,
it Is difficult to determine precise intensity requirementsf for an ideal navigation light system. Also, there are prac-
tical limitations on the intensities that can be required
by regulations on all aircraft.

In drafting regulations it is necessary to consider
many factors and to reconcile conflicting requirements.
Therefore the higher intensities suggested below are In-
tended as guidelines, setting forth objectives reasonable
in terms of the present state-of-the-art and engineering
and economic considerations. It may prove necessary or
appropriate to reduce the size of the suggested increases
or to set up different requirements for different classes
of aircraft. It is also worth repeating that the require-
ments are minimums. Where possible, these requirements may
and should -exceeded at the option of the aircraft operator,
especially if the recommended increases cenmot be imposed by
regulations. A further discussion on thic point, with speci-

S fic recommendations, is contained in the next parts of this
chapter.

Position light intensitl requirements. The present re-
quiremients ror rorward posit;ion lighns, as shown in Table 7,



i
j Table 7

CAR Mininum Position Light Intensity

in the Horizontal Plane

Direc tion Light Intensity, candles

00 (dead ahead)
to 100 Left red wingtip ndright green wingtip 40

100 to 200 
30

200 to 1100 
5

110° to 1800 White tall 20
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Table 8

CAR Minimum Position Light Intensities

Above and Below Horizontal

Angle above orbelow horizontal Intensitya

0o 
1.00 I

00 to 50 .90 1
50 to 100 .0 1

100 to 150 .70 I
15' to 200 .50 1
200 to 30° .30 I
300 to 400 .10 I
400 to 900 .05 I

a "I" is the minimum intensity in the horizontal
plane specified in Table 7.
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Table 9

CAR Maximum Position Light Intensities

in Overlap Zones

Maximum Intensity, Candles
Boundary 100 to 200 beyond beyond

boundary 200

0°, red-green 10 1

llO°, red-white on left or
green-white on right 5 1

00 , red-greena 10% of peak 2.5% of peak

a Paragraph 4b.634.1, of CAR 4b gives maximum percentages

of peak inten3ity for forward position lights in overlap zones
when peak intensities are higher than 100 candles.
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Table 10

CAR Minimum Intensity for

Anti-Collision Lightsa

"Angle above or below Effective Intensity,
horizontal plane Candles

0 0 to 50  100

50 to 100 60

* 100 to 200 20

3200 to 300 10

a Because of the difficulty of obtaining complete
azimuthal coverame in aome installations, due to ob-
struction by empennage, obstruction is allowed up to a
maximum of .03 steradians of solid angle within a solid
angle of 0.15 steradians centeted about the longitudinal
axis in the rearward direction. However, for aircraft
covered by parts 3, 6, and 7 of the regulations, obstruc-
"tion up to 0.5 steradian in any direction is permitted.
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range from 40 candles near 0 degrees (dead ahead) to 5 candles
from 20 to 110 deerees. The large difference is based on the
fact that closing speeds at or near 180-degree (head-on)
approaches are mroch higher than those at smaller convergence
angles. If it Is desired that warning times be equal for all
probable collision courses, then the visual range of the
lights must be proportional to closing speed. To achieve
this it Is generally necessary to provide much higher in-
tensitles forward than at angles more abeam. The extraordi-
nary range of possible aircraft speeds and the variability of
atmospheric transmissivity within VFR limits make it impossible
to specify a distribution of intensity that precisely accom-
plishes the objective. Rough calculations on some selected
sample cases are Instructive.

Table 11 gives relevant data for two aircraft, each
traveling at 300 miles per hour, for various angles of con-
vergence, based on a required warning time of 30 seconds and
an atmospheric transmissivity of 0.53/mile (the boundary be-
tween "clear" and "light haze," equivalent to a reported day-
light visibility ol' about 6 miles). The intensity data are
taken from Fig. 4 of Chapter V.

If this table is compared with Table 7, it is evident
that:

1. The CAR minimums are much lower than necessar7 to
meet the requirements on which the table is based through all
angles of convergence from 180 degrees (head-on) to 60 de-
grees (aspect angles from 0 to 60 degrees).

2. The abruptness of the reduction in the intensity
required by the CAR at 20 degrees aspect angle does not
correspond with the much less abrupt changes in intensity
near 20 degrees, shown In the table.

3. The range of intensities in the table covers a
much wider gamut than the range in the CAR.

But the assumptions on which the table are based are
very narrow. Similar tables covering all possible values
of the parameters would be encyclopedic. It is useful here
to consider qualitatively how changes in the assumptions
would change the results.

1. If the atmospheric transmissivity were less than
0.53/mile, for example 0,25/mile, equivalent to a daytime
visibility of about 3 mileu, all the required intensities
would be increase. At the lower convergence angles, the
increases would be substantial, for example, from 13 to
nearly 100 candles at 40 degrees convergence angle. Near
head-on, the increases would be enormous. At 180 degrees

| 1 | S 06|
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I
the required Intensity would Jump from 300 to nearly
10,000 candles. I

2. If the atmospheric transmisslvity were greater
than 0.53/mile, the required Intensities would be lower,
significantly so near head-on. At 0.73/mile, the boundary
between *clear* and "very clear," the requirement of 300
candles for the head-on ease would be reduced by nearly j
half.

3. If the assumed speed of 300 miles per hour were
iwreased, substantial increases in intensity would be re- I
quixed, again especially near head-on. If for example the
speeds were 50% greater (450 miles per hour) the intensity
required for the head-on case would be about ten times great-
er, or about 3000 candles.

4. If the assumed speeds were reduced, the required
intensities would be substantially lower. At speeds of 200 I
miles per hour, the intensity required dead ahead would be
40 candles. j

5. If the speeds of the two aircraft were unequal, then
for a given convergence angle the aspect angle for the slower
aircraft would be greater, and the aspect angle for the fast-
er aircraft would be less than in the case of equal speeds.
Therefore, the variation of required intensity with aspect
angle would be greater for the fast aircraft than for tre
slow one. However, the maximum value, at 0 degrees aspect [
angle for the head-on collision, would be the same for both
aircraft. This does not imply that intensity requireme'n--
are similar for fast and slow aircraft; If both aircraft are
high speed, then the possible closing speedBE-nd therefore,
the required intensities) include higher values than If only
one of the aircraft is high speed, and the corresponding re-
quired Intensities are much higher.

6. If the assumed warning time of 30 seconds is changed
by some ratio, this has the same effect as a change in air-
craft speeds in that ratio. Thus increasing the required
warning time to 45 seconds has the same effect as Increasing
speeds from 300 to 450 miles poer hour, discussed above.
However, there Is no single warning time applicable to all
collision situations (Applied Psychology Corporation, 1961a).
In general, required warning time is greater for higher-speed
aircraft, and for larger and less easily maneuverable air-
craft, but it is very difficult to specify precisely what
warning time is required in any given situation.

7. If the assumed threshold illumination of 0.5 mile-
candle underlying the data in the figure from which intensi-
ty values were obtained is inapplicable to a given situation,
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Tthen the required Intensity must be changed proportionately
to the applicable threshold. Factors such as background
luminance, the presence of other light sources, and pilot
alertness can profoundly affect thresholds.

It is evident from all the above that no simple seti of intensity requirements, even if substantially increased
over present CAR requirements, can provide visual ranges
sufficient to insure effective visual collision-avoidance
capability in all situations possible under today's traffic
conditions. The choices open to the regulatory agency there-
fore must reduce to one of three general approaches.

1. It must accept a degree of unavoidable risk, under-
standing that there will be occasions when VFR pilots cannot
effectively control the outcome of a possible collision
situation.

2. It must so restrict VFR operations as to reduce
the incidence of these occasions to a small fraction ofJ the current number.

3. It must accept and operate under VFR rules con-I sidera.y mrore complex than present ones, including general
increases in intensity of navigation lights, different
specified intensities for different classes of aircraft,
and new definitions of limiting VFR conditions tailored
more to traffic conditions.

These three approaches are not sharply distinguished.t Compromises might have elements of all three approaches.
Intensity requirements, for example, must necessarily be
limited by important considerations, including the possi-r bility of deleterious effects due to backscatter.

In specifying intensity minima it is helpful to con-
sider the difference in requirements for aircraft in dif-
ferent -peed classes. Even though they may sometimes be
involved in collision courses with faster aircraft, those
with low maximum speed or whose operations are restrictedt to low-speed airlanes do not require intensities as high
as aircraft with high cruising speed. On the other hand,
the intensities they require must be nearly uniform in all
directions, since the slow aircraft may be approached from
any direction by a fast aircraft, and its speed and the ap.
proach direction do not affect the net closing speed as pro.
foundly as when both aircraft are fast.

The minimum intensity requirements for position lights,
shown in Table 12, has been formulated to provide guidelines,
"not to prescribe a detailed regulation. In view of the
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Table 12

Sugested Minimum intensity Requirements (Candles)

for Aircraft Position Lights

Angle from right or left
of longitudinal axis, Low-speed High-speed
measured from dead ahead aircraft aircraft

00 to 200 100 500

200 to 400 75 300

400 to 1800 50 100

UO -



uncertainty of much contributory data, the values must
be based or, somewhat arbitrary determinations. There is
little doubt, however, that the minimum intensities listed
would be much more appropriate to actual needs than pres-
ent requirements. Different requirements are given for
high-speed and low-speed aircraft. The class cutoff must
be somewhat arbitrary. It Is suggested that a maximum
cruising speed of the order of 200 miles per hour be used,
but detailed investigation may suggest a different or even
flexible classification.

4
The present CAR prescribe lower minimum Intensities

at elevation angles above and below horizontal than In theI horizontal plane. This conforms generally with reasonable
requirements, since the visual ranges required in the pres-
ence of altitude differences (and therefore elevation angle
differences) decrease with the difference. There is no evi-
dence that the present CAR requirements for position lights
are inadequate in this respect. Since they are defined as
a proportion of the intensity in the horizontal plane, an
increase In the requirement for the latter is accompanied
by a proportional increase at all elevation angles. It is
suggested therefore that this part of the present CAR beT left intact.

Maximum-intensity requirements in the overlaps shouldI be rewritten, in order to insure reasonable cutoffs. Es-
sentially, what is, or ought to be required, is that the
intensity of the unwanted signal from the adjacent sector
be sufficiently lower than the desired signal in a given
direction that the desired signal dominates and therefore
adequately identifies the sector. The present CAR recog-
nizes the engineering difficulty of obtaining an exact
boundary and provides no maximum intensity In the first 10
degrees adjacent to a boundary. In the next two adjacent
ten-degree zones, specific maximum Intensities are given.
This makes no allowance for lights of appreciably higher
intensities than those prescribed as minimum. It is un-
reasonably difficult to meet the same cutoff requirements
in both high- and low-intensity lights when the cutoff max-f imums are given in definite values of intensity. This dif-
ficulty, recognized In one instance, resulted in Paragraph
4b. 634-1 of CAR 4b, which specifies the cutoff maxi•tms
for the forward overlap zones with high-intensity lights
as percentages of the forward peak intensities. While this
is an improvement, the intent of the cutoff requirement
would be served best if (a) all cutoff requirements were
given as percentages and (b) the requirements were given
as percentages of the doginant signal intensity in any given
direction.

-l111 -



This would insure adequate cutoffs in terms of what
an observer would see in a given direction, and would pro-
vide equally effective cutoffs with lights of any intensity.

Accordingly, it is suggested that the maximum overlap
Intensity requirements be changed as Indicated in Table 13.

It is generally desirable to provide sharp cutoffs at
sector boundaries. The somewhat loose requirements given
in Table 13, and in the present CAR, reflect the need to
compromise this requirement with engineering feasibility.
If davelopments in the state-of-the-art permit, manufac-
turers should sharpen the boundaries as much an is practi-
cable, and revision of the regulations should be considered
to call for more precise boundaries.

A particular problem arises with the quadrantal sector-
coded system discussed earlier. Here the rear overlap intro.
duces a more pervasive ambiguity than do other overlaps.
Since there has been no engineering experience with this
problem, it is inappropriate at this time to require sharper
overlaps at this boundary. Hcwever, as equipment is devel-
oped to provide quadrantal coverage, the objective of re-
quiring an especially sharp boundary to the rear should be
kept in mind.

Anti-collision light intensity requirements. Anti-
collision llght~s are omniolrectlonalj, and their intensity
at any angle of elevation Is uniform in all azimuthal direc-
tions. Therefore the CAR requirement is stated in terms of
the minimum intensity required at various elevation angles.
The possibility (and desirability) of using lights of appre-
ciably higher intensities than the required minimums suggest
that the requirement be stated in two ways, a minimum in-
tensity in and near the horizontal plane, and, for other
elevation angles, proportions of actual intensity in the
near-horizontal zone.

It might l.e argued that there ls no harm in designing
a light with a very intense but very narrow horizontal beam,
provided it is above some minimum at other elevation angles.
However, this would not constitute good design; by the very
narrowness of the intense part of the beam, its usefulness
would be more limited than the numerically high value of
peak Intensity would suggest. The beam shape contemplated
by the over-all requirements should be the goal of designers.
In designing higher-intensity cquipment there is no parti-
cular difficulty involved in preserving beam shape, and
every reason to insure good design by doing so.

As in the case of position lights, the proposed higher
intensities shown in Table 24 are given in classifications
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Table 13

Suggested Maximum Intensity Requirements

for Position Light Overlaps

Overlap zone Maximum intensitya

100 to 200 from sector
boundary .10 1

More than 200 from sector
boundary .025 I

a "I" is the actual Intensity of the required signal
in any specified direction.
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Table 14

Suggested Minimum Effective Intensities for

Anti-Colllaion Lights

Angle above or beiow Minimum intensity
norizontal plane Low-spee' High-spe .

aircraft aircraft

00 to 5o 500 candles 2000 candles

50 to 100 .60 Ib

100 to 200 .20 I

200 to 400 .10 1

a If complete coverage Is obtained with two anti-collistnn
lights, each intended to cover one hemisphere, the upper or
lower, then the indicated directions shall refer only to the
covered hemisphere.

b I is the lowest measured intensity in the 00 to 50 zone
of the anti-collision light under examination.
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!. ." ý, , -r-in' for' jow-:peed aircraft. The general
-11,curli~n -j the rean)nlinf behind t-e classification for
ncnitlon i ahts applies here. The intensity requirements,
since these are fl'ahinv lights, are in terms of "effec-
tive Intensity," computed from photometric data, as called
for in the present CAR. In addition to increased Intensity,
It will be noted by comparison with Table p0, thai an in-
crease in elevation angle coverage from 30 to 40 is called
ifcr. Thid is to insure that the anti-collision lights of
bankinT" aircraft Viil remain reasonably visible.

Because of the difficulty of avoiding obscuration by
aircraf't sti0uctures, some incompleteness of coverage is per-
mitted under the present CAR. It Is almost always possible
to solve this problem, but it is often at the cost of addi-
tional light fixtures or troublesome installations. Air-
craft covered by Part 4b of the CAR are permitted no more
than 0.03 steradian of obstruction, which must be confined
to 0.15 steradian centered about the longitudinal axis
rearwards (a cone with a half-angle of about 12P°). Since
this obstruction is confined to the rear where possible
closing speeds are at a minimum, it may be argued that the
loss of the high-intensity flashing anti-collision light
and the consequent dependence on the much lower intensity
steady-burninp rear position light does not seriously reduce
safety. This argument cannot be used for aircraft covered
by other parts of the CAR, for which a much larger obstruc-
tion is allowed (0.5 steradian) without restriction of di-
rection. To allow any obstructions at all seems question-
able, even if they are restricted to rearward. Statistics
indicate that this dpproach direction accounts for a high
proportion of collisions (Fisher & Howell, 1957), even
though analysis suggests it ought to be the safest direction--
an anomaly perhaps explained by the fact that many collisions
occur in more or less unidirectional traffic near airports.
It may also be connected with the fact that pilots are gener-
ally 'blind" to the rear so that in an overtaking collision
the entire responsibility for avoidance rests on one pilot.
Finally, if an overtaking collision also involves climbing
or descending courses, both pilots may be "blind" (Pisher &
Howcl2, 1947; Calvert, T759).

Under these circumstances, greater intensity than nor-
mally necessary for detection may be needed to attract the
pilot's attention. It is difficult to assess the effect of
seemingly small exceptions to requirements, but deviations
constitute some increase in risk and should be allowed only
after a determineJ effort to obviate their apparent necessity.

Power required for increesed Intensity. Increased in-
tensi y can be obtained generally oUny at the expense of in-
creased power consumption. since the suggested minimum
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intensities for navii-ation ,htir ar, - ,stantjq ij h1ihe:-
than present ý.A: ininimum., ther pr.wer reqj'reientn will btc
correspondingly higher. On larqe or h~ih-powered aircraft,
these power demands may not seem excess4 'e. r,n a'. ler or

4 even medium-powered aircraft, conrideratlonis of power avail-
ability may be decisive in determiningthe feasibility of
the recommendations, or the extent to which they may have
to be compromised.

Since the proposed requirements differ from the present
CAR requirements not only in retard to generally higher in-
tensity, but also in distribution of intensity, and poocibly
in color, so for as the taillight is concerned, estimates
of power cannot be based on a simple ratio. In estimating
the new power demands, the characteristics of a variety of
conventional and newly developed navigation lighto have
been examined, and the present state-of-the-art in illumi-
nating engineering has been considered. The estimates are
nevertheless only rough approximations. When actual equip-
ment to meet requirements is designed, it may be found pos-
sible to improve on these estimates, or If necessary, in
difficult cases, to accept lower efficiency and therefore,
higher power consumption.

Table 15 lists the power consumption of present typical
navigation light equipment and estimates of the power con-
sumption required to produce the suggested higher intensities
listed in Tables 12 and 1i.

Traffic Rules, Rules-of-the-Road, and Minimum VPR Conditions

It has been shown that avoiding collisions visually Is
difficult and sometimes impossible when (a) closing speeds
are high, (b) flight visibility is marginal, and (c) ap-
proaches occur from directions in which cockpit visibility
in restricted.

As the number of aircraft and their cruising speede
increase, these difficulties increase, and pilots are less
abl6 to detect intruder aircraft In time to analyze collision
probabilities and to take effective action when indicated.

Suggested improvements in light systems would help
reduce the number of uncertain or impossible collision
situations. Other steps can be taken by regulatory action
or by operational procedures to improve the situation fur-
ther.

From the viewpoint of visual collision avoidance alone,
a number of seemingly straightforward steps are suggested.
When these are viewed in the context of the entire scope of
flight operations, they become more complex.

- 116 -



Tal,,e 159

Power Consumption of Navipation Light Systems Meeting
Present CAV Requiremnents Compared with )Fstimated Power

Consumption of 'yatema Meeting Proposed Higher
Intensity Pequirements

Estimated Power
Consumption to

Light Power Consumption Meet Proposed Re-
of Present Equip- quirement, Watts
ment, Watts 'Iw-Speed Hign-spee

Aircraft Aircraft

Wing
(2 required) 50-80 200 750

Tail
(I required) 15-30 200 750

Anti-collision
(2 normally
required) 175-220 300 1200

Complete system 235-320 700 2700
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For ex3mplP, there are manry raaF•: 17 th"! *Ir' -e!IJc

col'lsions. There would be little porit to reducirn ' une
danger if in the process the danger from other. hazards wa.
increased even more. -conomic conniderations carinnt be
ignored, competing demande for pilot attention ari for air
traffic facilities complicate the problem of reconciling
different requirements, especially when regulatory action
is involved. The proposals herein have been geared to prac-
tical considerations and to reasonable (if heavy) demands
on enrIneerinr capability. The suggestions in this section
may not lead to regulatory action at all or may be only par-
tially incorporated into regulatiomns. Furthermore, the pro-
posals are prebented in general form, since the detailed
content of regalations or procedures is in some cases sub-
ject to more investiat•on or analysis.

The proposals may be grouped in the following cate-
gories: (a) restricting possible collision courses, (b)
raising VFR minimums, (c) increasing cockpit visibility,
and (d) changing rules-of-the-road.

Restricting possible collision courses. Paragraph
60.32 orh ;e CAR, Part OU, Air TrarrIc Rules, restricts
directions in VFR level cruising flight 3000 feet or more
above the surface as shown in Table 16.

These restrictions reduce the possible incidence of
near head-on collision situations, especially in the denser
east-west directions. To the extent that they are effective,
they reduce the number of high-closing-speed situations
shown tv *, Jiifficult or impossible to cope with.

According to the rule, opposing traffic along an east-
west airway should be at different altitudes. But other
traffic crossing the airway, or airway traffic changing
altitude or for some reason failing to hold to specified
altitude, and traffic outside airways, may be involved in
converging courses at any angle. The incidence of near
head-on approaches is very much reduced by th3 rules, but
not eliminated.

Every effort should be made to set up rules to insure
against head-on approaches. Quadrantal altitude separation
would be much more effective than the two-sector separation
of the present rules, but would be complicated, requiring
either a large altitude change to get to the next altitude
with the same direction, or, alternately, too close an alti-
tude segmentation for operational safety.

The use of one-way climbing and descending corridors
is also helpful, aa are the general corridor restrictions
near airports. In general, pilots of high-speed aircraft
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Table 16

VFR Crusing Altitudes

Atitutde
Magnetic Course 2e53ow i•,'o bDoVCe i,9PU•

feet feet

00 to 1790 odd thousands 4000-foot inter-
plus 500 feet vals begiLnning

at 30,000 feet

1800 to 3590 evnn thousands 4000-foot inter-
plus 500 feet vals beginning

at 32,000 feet
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wil. find it dlfficult c!r ifmpossi.e tc u av:)Id c;AI.j ir
with other air'~raft in head-on approacte; even with
moderate-speed aircraft thie time fPr jeclkian i 3ncrt
and the correct decision difficult to determine.

Raising VFf minimums. In genceal, v'Fn minimums should
be ra-sec, regar•-ng MoIn fnight visibility and separation
from clouds. The present regulations (Part 60s paragraph
60.30) set up three different minimum flight visibilities,
1, 3, and - miles, for four categories of air space. In
the continental control area, the 5-mile requirement recoe-
nizes that speed ranges are high at high altitudes, thus
requiring higher visibility for effective VFR. Even so,
with the intensities required by 'he CAR, signal visibility
In marginal conditions is inadequate at the speeds commonly
encountered.

If intensities can be increased along the lines recom-
mended, and head-on approaches eliminated, the presently
required minimum visibility may be satisfactory. Neverthe-
less, it is suggested that the minimum be raised to 6 miles,
partly to provide a safer limit, and partly because this
would restrict VFR to atmospheres designated by the Inter-
national Visibility Code as "clear" or better. If head-on
approaches cannot be ruled out, then visual avoidance for
very high-speed aircraft must be considered unlikely under
marginal conditions and very difficult at best.

A note in the CAR (paragraph 60.30) indicates that VFR
minimums are to be treated conservatively. This advice
cannot be overemphasized. As indicated repeatpdly, when
=-" f- r ioa marginal--flight visibility, cockpit visi-
5fity, pilot attentiveness, convergence angle, speed, etc.--
the pilot's task is difficult. When several factors are
marginal, the difficulty may be enormous. In all areas
where the pilot has a choice he should be very cautious.

For this reason the 3-mile minimum flight visibility
requirement for control zones, control areas, a.A1 transi-
tion areas is too low. These areas may contain both higb-
speed and low-speed aircraft. Furthermore, many aircraft
are not (and may not be, for a long time) equipped with
lights of high intensity by current standards. Traffic
densities are higher, and demands on pilot attention mere
severe. It is also likely to be more difficult to insure
against head-on approaches.

For all these reasons, therefore, it Is felt thet the
3-mile visibility minimum should, as suggested for the conti-
nental control area, be raised to 6 miles, "clear" or bette-.
This change is especially important with present light in-
tensities, but is recommended even if intensities can be
substantially increased.
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The req-ilreux-nt of %-Mile vqbJ1Jty o0t'aide on-
trolled airspace is Var too lo% for avoiding colI2.sicn
unless the possible conditions under which collision can
occur are severely restricted. One-mile visibility is a
"thin rog" condition. A signal of 100 candles has a range
of about 1-1/4 miles, and a 1000-candle signal about 1-3/4
miles--adequate for relatively controlled low-speed flight
near airports, but not suitable for general flying. This
requirement should be raised or should be narrowly restrict-
ed to situations where such low visibility can be considered
adequate.

The requirements for cloud clearances are not suffi-
ciently conservative. Cloud distances are often difficult
to estimate. They should be sufficient for an aircraft
near them to evade an aircraft emerging from them. The
requirement should be reexamined in terms of the accuracy
with which separation from clouds can be maintained and
the collision problems presented by emerging aircraft.

The CAR's definition of flight visibility is vague,
particularly the part covering nighttime visibility: "the
average forward horizontal distance, from the cockpit of an
aircraft in flight, at which prominent lighted objects may
be seen and identified at night." The definition of night
visibility should not refer to "prominent objects," which
are irrelevant, but to lights of specified intensity as
seen against specified backgrounds. Although It is evident
that the definition is inadequate, satisfactory definitions
are difficult to establish. The question of a suitable
definition related to actual determinations of visibility
should be investigated.

Increasing cockpit visibility. Increased cockpit visi-
bilit7 is a-n evIcent and Iong-recognized requirement for
achieving effective visual collision avoidance. Generally,
a pilot must be concerned with intruder threats from all
directions, yet windows on most contemporary aircraft pro-
vide very limited visibility.

Mirrors, periscopes, and similar scanning devices can
partially overcome visibility restrictions, but they are
inferior to direct line-of-sight viewing and are therefore
poor substitutes for increased window space. Pilots can
also increase directional coverage by maneuvering, but
this is hardly a useful general technique.

Although no pilot should assume that any approach
direction is safe, the degree of danger in different di-
rections varies with different aircraft. Slow aircraft
are subjected to nearly uniform danger in all azimuthal
directions. They should therefore be required to have
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much la'.---c- indcw areas than taut aircraf't. Fortunate-ly
this confornnn with current -. ctlice.

A teriou viciiility deficiency of' modern aircraft is
irA sight lines above and below. Most double-blind approaunes
involve such sight lines. Every effort should be made to
require and obtain larze incrcaseu in upward and downward
visibility.

No conreivab. ý increases in cockpit window areas can
be expected to provide full visibility. It Is important
therefore to develop optical devices to supplement direct
visual coverage. Since they provide coverage in otherwise
blind directions, their limitations may be tolerable. They
are likely to be partl.ularly valuable to a pilot in deter-
mining before he maneuvers that airspace is clear. When
such devices are fully developed and their capability proved,
regulationa requiring them and governing their use 8ho:ld be
considered.

Changin7 rules-of-the-road. Paragraph 60.14 of the CAR
contains rules governing maneuvers for avoiding collIsion
and specifying rights-of-way in potential collision situa-
tions. Many of these rules are concerned with giving prece-
dence to aircraft in distress or to less maneuverable air-
craft. Othe:'s, however, modeled after marine rules, give
the "right-of-way" to one of two involved aircraft depending
only on relative sight-line "earing. A note 3uggests that
nD pilot is ever relieved of responsibility for avoiding
collision. However, it is recommended that all potential
collision courses require complementary avoidance by both
pilots. It may ofte-nTappen that one pilot will not see
the other, so that the burden of avoidance will fall by
default on only one pilot. But if both see each other,
the short time available in many situations requires that
both maneuver. Furthernore, the pilot who does not have
the right-of-way may fail to detect the other, or he may
evaluate the dang-er of collision incorrectly. In any event,
prudence reauires that any pilot who determines that -.
collision risk exists take measures to avoid collidir;g.

Designing rules-of-the-road to satisfy this requirement
is not easy; any set of rules is likely to involve incorrect
maneuvers when an inevitable degree of uncertainty exists,
especially when the closing speed is high. Pilots should
try to evaluate collision risk carefully before engaging in
an avoidance maneuver but should not delay such a maneuver
once the risk has been Judged to exist. In general, pre-
mature maneuvers will not reduce the risk of collision, to
the pilot's knowledge; late maneuvers will not provide su--T-
ricient time to escape the zone of possible collision.
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The rCe3ent :,uiez dci not :e>uire or 3urf&;e3t the Dossi-
ulilty or avoidiri;, collision uy climbtinr or de3cendinr,
2uch mareuvers are occasionally used and syatims of com-
bined turninv and altitude-ch-nging maneuvers have been
devised. Such maneuvers are more troublesome for pilots;
in the absence of better altitude-difference information
than lz zonerally available, ttese maneuvers may be of
doubtful value for systematic use. However, they are
useful for last-moment acts of desperation. But if alti-
tude-coded light systems come into use and provide adequate
altitude information in collision situations, then altitude
evasion might be the preferred maneuver.

Under present conditions, altitude avoidance maneuvers
might oe considered for rule-m kint if it can be shown that
they are r'er.crally effective and wouid oe more so if rules
could be designed that would assure comnlementary maneuvers.

Double-blind overtaking, with one or both a4rcrat
changing altitude, is one of the most dangerous collision
approaches; it has been the cause of a high proportion of
collisions. Improved cockpit visibility would greatly re-
duce this danger.

Rear-view mirrors and optical aids are only a partial
answer, and in any event, are not now available or adequate-
ly developed.

A change in the rules may be of some help in reducing
the dan'aer of double-blind approaches. Pilots are required
to watch for collision possibilities in all directions.
Neverthele4z it would be helpful to spell out that the
pilot of any aircraft about to engage in a climbing or des-
cending maneuver is responsible for making sure that the
air is clear of collision threats from normally blind di-
reCtions, even though he believes the present overtaking
rules qIve him the r.iht of way.

In effect such a rule says that a pilot flying level
has the right of way over a pilot changing altitude. This
may sound superfl]jous or self-evident, but the special dan-
ger of double-blind vertical collisions suggest that the
emphasis of a specific rule might be helpful.

Phase I1I. Long-Range Program to Develop
New and Improved Nayvgation Liht Systems

The sugrestions in this phase constitute a comprehen-
sive prog-ram tc Investigate methods of improving navigation
lif[ht systems and of increasing their usefulness. Some of
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the suggeationa call for radically new concepts, such as
altitude coding. Others are directed toward establizhing
details of design to insure maximum effectiveneac for a
given concept. Finally some partr of the program are in-
tended to Improve visual avoidance techniques, and to as-
certain their precise limits of usefulness.

One of the most important techniques available to a
pilot is the use of the fixity-of-bearing criterion. It
was pointed out that a key factor in the success of the
technique is the precision with which a pilot can deter-
mine bearing fixity. In order to be able to assess the
usefulness of the criterion, it is essential to carry out
experimentE which will provide valid estimates of the thresh-
old of bearing fixity detection in operational situations.
The thresholds must be determined for steady and flashing
lights, and for other possible parameters such as intensity
or color. Leibowitz (1955) found that movement discrimi-
nation is aided by reference lines in the field of vimw.
This suggests the possibility of providing a fine grid in
window areas, and this should be investigated.

The effect of backscatter on target visibility has
been found to be unrelated to differences in the backscatter-
Ing light (Applied Psychology Corporation, 1962a). Subjec-
tive evaluation of backscatter suggests striking differences
nevertheless. It is thus strongly suggested that the possible
psychological effects such as distraction, disturbance, or
disorientation, be investigated. The results will be impor-
tant in deciding such questions as the choice between red and
white for the color of anti-collision lights and between dif-
ferent flashing modes.

The conspiculty or aircraft lights against backgrounds
of city li'hts has been investigated in a static situation
(Applied Psychology Corporation, 1962e). Further investiga-
tion, with relative movement characterizing most operational
situations, should b, undertaken.

Various light coding techniques were discussed in Chap-
ter III. A broad study should be undertaken to determine,
urder comparable operational conditions, the relative effi.-
cacy of these techniques, in terms of speed and accuracy of
Interpretations, and suitability for conveying different
amounts of information.

It has been found that pilots can be trained to improve
their ability to estimate distance and relative altitude of
intruder aircraft (Applied Psychology Corporation, 1962c).
In view of the importance of this information in visual col-
lision avoidance, a broader investigation should be under-
taken to determine what the limits of estimating capability
are in general operation.
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The use of lights to improve daytime conspiculty has
been sugested frequently, It was shown in Chapter VI
that there is little likelihood of providing effective
daytime lighting for the full range of daytime require-
ments. The gravity of the daytime problem suggests that
a systematic investigation should be undertaken to deter-
mine precisely what can be done with lights.

The most promising development in the information
content of light systems is the possibility of coding
altitude in'ormation into navigation lights. This has
been discussed Ir detail In Technical Report No. 1 (1961a)
and summarized In Chapter II of this report. Two tests
have been made. One, in NAPEC's F-100 simulator, suggested
an advantage with altitude coding In pilots' ability to
determine altitude, and a substantial advantage in deter-
mining courses involving change of altitude (Applied Psy-
chology Corporation, 1962b). The results of the second
test, a flight test, showed a marked improvement on both
counts with altitude coding (Applied Psychology Corporation,
1962f). These preliminary results support the desirability
of a systematic investigation. A number of questions re-
quire answering:

1. What altitude segmentation would be optimum?

2. What cycle lungth would be optimnum?

3. How shall coding be achieved?

4. What rules-of-the-road would most effectively use
the information?

5. Under what conditions is altitude coding useful?
(high altituees? near airports? etc.)

6. What are the engineering problems of deriving an
altimeter signal and converting it into light signals?

7. What inaccuracies, confusions, errors, etc., will
be encountered and what will their effect on operations be?

8. What special problems will arise If altitude coding
Is to be standardized under the CAR?

Other kinds of Information that may be useful If coded
Into navigation light systems are (a) maneuver, (b) speed,
and (c) angle of elevation.

Of these, maneuver appears of greatest interest, parti-
cularly change of altitude (which may be of particular In.
terost if altitude coding should be rejected as Infeasible)
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and turn indication, of interest in the use of the fixity-
of-bearing criterion. In using the criterion, both air-
craft must be on straight, constant-speed courses. A
pilot knows whether hib own course meets the requirements
but general3y does not know about the intruder. Turin-
maneuver indication would help him determine this.

The indication may be rudimentary, showing only that
some mmneuver is under way without specifying what it is;
or It may show which of the four basic maneuvers (or two,
in a simplified version) is in process. Detailed maneuver
information would enable a pilot to know that correct comr-
lemntary avoidance maneuvers have been undertaken by
oth aircraft. (It should be noted that one of the 19

navigation light systems on diaplay at NAPEC includes such
a 4-element maneuver indication.) A research program
should investigate questions of feasibility, usefulness,
detailed requirements, etc., of the various possible types
of maneuver coding.

Speed coding appears to have some usefulness, but it
is felt to be less promising than either altitude or maneu-
ver coding. At the present time it is considered unlikely
that any additional complexity in navigation light system
is justified for this purpose, particularly if altitude or
maneuver information (or both) is added to sector coding.

Elevation angle coding, similarly, appears much less
useful than altitude coding and does not justify the added
complexity.

I I I I II II I I I
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